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Abstrat
The main fous of this thesis is to highlight the importane of PHY ab-
stration for the system level evaluations in the framework of 3GPP Long
Term Evolution (LTE) networks. This thesis presents a pragmati approah
towards the use of PHY abstration in LTE based system level simulators.
PHY abstration is an extremely valuable low omplexity tool for eient
and realisti large sale system evaluations. This thesis shows that apart
from the primary purpose of PHY abstration of providing instantaneous
link quality indiator for the purpose of system level evaluations, it an be
further used for an improved hannel quality indiator (CQI) feedbak based
on the dierent antenna ongurations and for the performane predition
of LTE networks based on the real life hannel measurements.
This thesis is mainly divided into two parts; methodologies and appliations.
The rst part presents the omplete design and validation methodology of
PHY abstration shemes for various antenna ongurations orresponding
to dierent transmission modes in LTE. The validation is performed using
link level simulators and it also highlights the alibration issues neessary
for the PHY abstration to be aurate in prediting the performane of
apaity ahieving turbo odes.
For the speial ase of multi-user multiple-input multiple-output (MUMIMO)
an improved PHY abstration model is presented whih exploits the knowl-
edge about the fat that multi-user interferene (MUI) deviates greatly from
its Gaussian assumption and therefore must be exploited while prediting
the PHY performane espeially in the ase of interferene aware reeivers.
The rst part also presents a novel semi-analytial PHY abstration ap-
proah towards inorporating the inremental-redundany hybrid automati
repeat request (IR HARQ) for a wide variety of resoure blok assignment
in LTE and it further redues the storage requirements for PHY abstration
by bringing down the number of required referene urves to only three from
hundreds.
The seond part presents the appliable senarios where the onepts of
PHY abstration an be eetively utilized. The most important and pri-
iii
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mary use of PHY abstration is to redue the neessary simulation time in
system level simulators by prediting the link quality based on the instan-
taneous hannel by a fewer number of operations than are required for the
proessing of omplete PHY proedures. Thus by doing so it was found that
the overall simulation time for large sale simulation an be dereased enor-
mously by speeding up the simulation by a fator of at least 30 times. Whih
means that the simulation whih took the run time of a month an now be
performed with in a day only. Furthermore, it is shown in this part that
the performane predited by PHY abstration mathes the performane
obtained by running the simulations with full PHY proedures.
The seond part also presents the omplete methodology for the use of PHY
abstration in the CQI feedbak alulation neessary for the sheduling
purposes. In this part we propose to exploit the knowledge on the antenna
onguration for the CQI mapping for an improvement in the link adapta-
tion at the MAC layer. Last but not the least, the seond part presents a
omplete methodology for the PHY abstration to be used for the validation
of dierent LTE transmission modes based on real hannel measurements in
rural areas at 800 MHz. We use onepts from PHY abstration to predit
the performane of LTE network by means of the hannel measurements
whih were stored during a measurement ampaign. We showed that using
PHY abstration not only the performane of the system being operated in
dierent transmission modes an be predited but also it an be used for the
validation of soft LTE modems. This shows that PHY abstration models
has lots of potential and are an important tool for the researh ommunity
in both industry and aademia.
All of the results presented in this thesis have been obtained using open-
soure OpenAirInterfae platform whih is implemented in highly optimized
C. It is one of the very few open-soure platforms who have the apability
of performing simulations with both full PHY or PHY abstration and are
omposed of both link level simulator and system level simulator. Further it
an be used for simulation, emulation and real life demonstrations using the
LTE hardware espeially designed for it.
Abstrat
L'objetif de ette thèse est de souligner l'importane de l'abstration de
la ouhe physique (PHY abstration) dans l'évaluation des systèmes LTE
(Long Term Evolution). Cette thèse propose une approhe pragmatique pour
l'utilisation de PHY abstration dans les simulateurs des systèmes LTE. PHY
abstration est un outil très important pour l'évaluation des systèmes LTE
à grande éhelle ar il est eae, pratique et à omplexité réduite . Dans
ette thèse, nous prouvons que, à part son objetif prinipal et qui onsiste à
fournir un indiateur instantané de la qualité de liaison pour l'évaluation du
système, le PHY abstration peut aussi: améliorer le feedbak de l'indiateur
sur la qualité de anal (CQI) en se basant sur les diérentes ongurations
d'antennes, et la prédition de la performane des réseaux LTE en se basant
sur des mesures de anal réelles.
Cette thèse est prinipalement divisée en deux parties: méthodologies et ap-
pliations. La première partie présente la oneption omplète et la méthodolo-
gie de validation des systèmes de aptage PHY pour diérentes ongura-
tions d'antennes orrespondant à des diérentes modes de transmissions en
LTE. La validation est eetuée en utilisant des simulateurs de niveau de
liaison. Nous soulignons aussi les astues de alibrage néessaires pour que
la prodution PHY soit préise dans la prédition de la performane de a-
paité réalisant turbo-odes.
Pour le as partiulier de multi-utilisateur multiple-input multiple-output
(MU MIMO) un modèle amélioré de l'abstration PHY est présenté, il ex-
ploite la onnaissane du fait que l'interférene multi-utilisateur (MUI) s'éarte
onsidérablement de son hypothèse Gaussienne et doit don être utilisé pour
la prédition de la performane de PHY notamment dans le as des réep-
teurs onsients de brouillage. La première partie présente aussi une nouvelle
démarhe d'abstration PHY semi-analytique pour intégrer l'hybride de-
mande de répétition automatique inrémentielle de redondane (IR HARQ)
onernant une variété de ession de blos de ressoures dans le LTE. Ca
permettra aussi de réduire les besoins de stokage pour PHY abstration en
abaissant le nombre de ourbes de référene requis de entaines à seulement
trois.
v
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La deuxième partie présente diérents sénarios, là où les onepts de PHY
abstration peuvent être utilisés davantage. L'utilisation la plus fondamen-
tale de PHY abstration est de réduire le temps de simulation néessaire dans
les simulateurs de niveau système en estimant la qualité de la liaison basée
sur le anal instantanée par un moins d'opérations que elles qui sont nées-
saires pour le traitement des proédures omplètes PHY. En faisant ainsi,
on a onstaté que le temps global de simulation pour la simulation à grande
éhelle peut être diminué en aélérant la simulation par un fateur d'au
moins 30 fois. Ce qui signie que la simulation qui a eu le temps d'exéution
d'un mois peut maintenant être eetuée pendant une seule journée. En
outre, ?est lair dans ette partie que la performane estimée par PHY ab-
stration orrespond à la performane obtenue en exéutant des simulations
ave des proédures omplètes PHY.
La deuxième partie présente également la méthodologie omplète pour l'utilisation
de l'abstration PHY dans le alul de feedbak CQI néessaire aux ns de
sheduling. Dans ette partie, nous proposonsd'exploiter les onnaissanes
sur la onguration d'antenne pour la artographie CQI pour une améliora-
tion de l'adaptation de liaison à la ouhe MAC. Enn, la deuxième partie
présente une méthodologie omplète pour l'abstration PHY à être utilisé
pour la validation des diérents modes de transmission LTE basés sur des
mesures de anaux réels dans les zones rurales à 800 MHz. Nous utilisons
des onepts d'abstration PHY pour prédire la performane de réseau LTE
au moyen des mesures de anal qui ont été stokées au ours d'une am-
pagne de mesure. Nous avons montré qu'en utilisant l'abstration PHY, non
seulement la performane du système étant utilisé dans diérents modes de
transmission peut être prédite, mais aussi il peut être utilisé pour la valida-
tion des modems LTE soft. Cela montre que les modèles d'abstration PHY
ont beauoup de potentiel et sont un outil important pour la ommunauté
de la reherhe à la fois dans l'industrie et le milieu aadémique.
Tous les résultats présentés dans ette thèse ont été obtenus en utilisant la
plateforme open-soure OpenAirInterfae qui est implémentée en un langage
C hautement optimisé. Elle est l'une des rares plates-formes open soure qui
ont la apaité d'eetuer des simulations soit de la ouhe PHY omplète ou
bien d'une abstration de la PHY et sont onstitués à la fois de simulateur
de niveau de liaison et un simulateur au niveau du système. En outre, elle
peut être utilisée pour la simulation, émulation et pour les tests et démon-
strations grandeur réelle de la vie en utilisant le matériel LTE spéialement
onçu pour elle.
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Chapter 1
Introdution
1.1 Motivation and Sope
Mobile ommuniation has truly revolutionized the way world ommuniates.
It has provided a omplete paradigm shift in the eld of teleommuniation
from wired to wireless and has reahed to even those remote areas where
the deployment of wired infrastruture was one a question mark. As per
the estimates of International Teleommuniation Union (ITU) for 2013, the
mobile subsriptions around the world have reahed a number of 6.8 billion
whih is almost 96% of today's world population [1℄. The evolution in the
mobile subsription as ompared to other subsriptions is shown in Figure
10.1 whih learly demonstrates the strong desire of the people around the
world to ommuniate with eah other all the time while on the move. An-
other important tehnology whih undoubtedly transformed the world into
a global village is the internet. With the latest onept of loud omputing,
it has beome an indispensable global network whih is now being used in
almost all aspets of daily life i.e., medial, defense, business and not to for-
get the soial media. It an be observed from Figure 10.2 that today almost
80% of homes in the developed world and 43% of homes in the over all world
are equipped with broadband internet aess. Similar trend an be observed
for the individuals using the internet aross the globe. The rise in the mobile
subsriptions and in the usage of internet shows an ever inreasing trend for
the demand of internet based data servies and mobile onnetivity.
Over the last 10 years the mobile ommuniation has evolved from omplete
iruit swithed network to all IP network. Due to this evolution it has be-
ome possible to provide suh higher data rates on mobile devies whih were
1
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Figure 1.1: Global ICT development 2001-2013 [1℄
only possible on xed broadband networks only a deade ago. Today, the
third generation partnership projet (3GPP) Long Term Evolution (LTE) [3℄
for ellular networks has already been deployed in some regions of the world
and it is providing almost 100Mbps on the downlink and 50Mbps on the
uplink. As per ITU statistis, not only the number of mobile subsribers are
inreasing but the mobile broadband subsriptions are also on the inrease.
This an be observed from Figure 10.1 whih presents the global Information
Communiation Tehnology (ICT) trends and it an be seen that before 2006
the mobile broadband subsriptions were zero and sine then it has reahed
the level of 30% of world's population. This is a lear indiation that there
will be a signiant inrease in the demand of higher data rates for mobile
data servies in the future.
However, to meet the inreasing demand of higher data rates, it is required
to investigate more eient and innovative tehniques whih an not only
provide the required data rate by being more spetral eient but are also
environment friendly in terms of energy onsumption. One example of suh
eorts is the standardization of the 3GPP LTE system. It deploys not only
the large sale networks where multiple antennas are used at mobile and base
station, but also small sale networks whih make use of the base stations
transmitting at a very low power, i.e., femtoell networks, to inrease the
spetral eieny. Also it supports the o-operative ommuniation where
the base stations of neighboring ells an share data and ontrol signals in
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reasing Use of Internet in daily lives [1℄
order to avoid interferene and inrease the signal strength at the desired
mobile user. It also supports advaned onepts like virtual multiple-input
multiple output (MIMO) and relaying.
The gains oered by these tehniques on the single ommuniation link do
not neessarily represent the same gains when deployed in a huge system.
Therefore, the system level simulations are an absolute neessasity for the
performane evaluations before the deployment of suh shemes. And this
is where one realizes the importane of system level simulators. In system
level simulations the true performane of the proposed tehniques is evalu-
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ated with full sale system implementation and the ompatibility of these
shemes with already existing ones is also validated.
System level simulations normally require heavy omputations for extremely
long duration of time beause of the haraterization of the radio links be-
tween eah user and base station. The link level simulations of all suh links
is the bottle nek in these simulations. To nd about the impat of the link
level omputations we performed a small simulation with one eNodeB (LTE
aronym for base station - enhaned NodeB) and one UE (LTE aronym for
mobile station - user equipment) using Eureom's OpenAirInterfae (OAI)
system level simulator whih has an integrated link level simulator as well.
To nd out about the resoures spent on the physial layer we performed
proling on dierent bloks of the simulator. During the simulation we al-
ulated the time whih has been spent on eah blok in the simulator and
also the frequeny of alling a ertain blok was alulated. This is shown in
Figure 10.5 where the boxes in green orresponds to the main tasks related
to the downlink link level simulator
1
. It an be seen that most of the sim-
ulation time and resoures are spent on the bloks whih orrespond to the
link level simulator.
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Figure 1.3: Simplied Proling Diagram for System Level Simulations
1
Please note that proling was performed using gprof under Linux operating system
and gprof has the limited apability of proling and an not prole for the hardware
spei instrutions. In OAI simulator Turbo deoder is implemented with high preision
and extremely low omplexity using Intel instrution set and the alls to Turbo deoder
are not visible in the proling gure.
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A rather simplied version of proling is shown in Figure 10.3 where the
perentage of the time duration spent for the link level simulations and rest
of the system level related tasks is shown. Although it was an extremely
trivial system but still more than 82% of the simulation time was spent on
the link level simulation whereas only a small fration of time was spent on
the protool stak and other system related tasks.
Therefore, to redue the omplexity and duration of system level simulations
it is absolutely neessary to have an aurate physial layer (PHY) abstra-
tion model whih replaes the atual link level omputations and provides
the higher layers with neessary and aurate link quality metri, i.e., blok
error rate (BLER) or paket error rate (PER). A link abstration model is
used to determine the required system level quality indiator using ideal link
adaptation without atually having to simulate any PHY proessing , i.e.,
oding, modulation, onvolution of hannel with signal, demodulation and
deoding. This is depited in Figure 10.4 where it an be seen that PHY
abstration provides upper layers with neessary deision on the deodability
of the paket under instantaneous hannel onditions whereas in full PHY
proessing this deision is only obtained from the deoder itself. In this form
it is an extremely valuable low omplexity tool for eient large sale system
simulations. Moreover it an also be used for fast resoure sheduling, fast
link adaptation using adaptive power ontrol and adaptive modulation and
oding.
Figure 1.4: Comparison of Protool Stak with and without PHY
abstration
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The main motivation of this thesis, therefore, was to investigate and propose
new PHY abstration models for dierent antenna ongurations in LTE and
provide a pragmati approah so that these abstration models have higher
level of appliability, auray and realism. This shall not only provide the
fundamental basis in the improvement for the system level simulators, with
whih it shall be possible to test dierent higher layer protools and shedul-
ing shemes, but also these PHY abstration shemes an be used in the real
time evaluations of the base stations.
Moreover, this thesis provides fundamental parameters for the PHY abstra-
tion of dierent transmission modes of LTE and provides an in-depth anal-
ysis on the various aspets of PHY abstration. The problem of having an
analytial solution for the inlusion of inremental redundany hybrid au-
tomati repeat request (IR-HARQ) is also handled in this thesis and two
semi-analytial approahes has been proposed to map the benets of IR-
HARQ with high level of preision and eieny.
Another objetive of this thesis is to show that PHY abstration tehniques
have atually lot of potential and an be used in more than one senario and
for more than one purpose. We show that the PHY abstration implemented
in system level simulator provides at least 30 times the speed up of the simu-
lation as ompared to the system with full PHY proessing. We also showed
by providing an aggregated throughput over the given number of frames to
show that PHY abstration provides exatly same kind of performane as
a system with full PHY proessing. This provides an extremely enourag-
ing and positive result for the use of PHY abstration in system simulations.
Also we showed that it an improve the hannel quality indiator (CQI) feed-
bak for the seletion of appropriate modulation and oding sheme (MCS)
on the downlink and with a slight modiation it an also be used for real
hannel estimates to prove fundamental ommuniation onepts in various
environments.
1.2 Outline and Contributions
This thesis is mainly divided in two parts, methodologies and appliations.
Some basi onepts related to LTE and the topis overed in this thesis are
presented as bakground knowledge in Chapter 2. Part-I desribes the PHY
abstration shemes for dierent transmission modes of LTE and their vali-
dation through link level simulators. At rst this part provides a global view
on the methodology of PHY abstration and answers some very important
questions about the validation of these shemes with the help of link level
simulators. Then it extends the abstration shemes for the ase of multi-
user (MU) MIMO ommuniation where the interferene is non-Gaussian
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and its struture is exploited during the deoding therefore the PHY ab-
stration should also be able to exploit the knowledge about interferene for
aurate modeling. The inlusion of IR-HARQ for LTE is then disussed
in detail and two novel semi-analytial proedures are proposed whih make
use of only three referene additive white Gaussian noise (AWGN) urves
and provide simple solution for variable bandwidth assignment.
Part-II presents some of the possible appliations of PHY abstration start-
ing with its implementation for system level simulations and then omparing
dierent aspets of PHY abstration where it is beneial. It an also be
used for the fast link adaptation in LTE where an eient CQI an be al-
ulated using PHY abstration and an appropriate modulation and oding
sheme (MCS) an be seleted for the downlink. Another very important
appliation of PHY abstration is the validation of dierent ommuniation
aspets with the help of measured hannel estimates. A brief overview of
eah hapter is presented below.
1.2.1 Fundamentals
This hapter overs the basi onepts related to the LTE standard in gen-
eral and speially about the physial layer. It is intended to provide a
quik referene to dierent onepts about LTE system whih shall be fre-
quently used in the rest of the thesis. It starts with a very brief history
on the evolution of ellular standards and disusses the LTE protool, LTE
frame struture and downlink proessing, e.g., hannel oding, modulation
et, and forward error orretion in LTE using IR-HARQ. Then it provides a
short introdution to an important onept of bit interleaved oded modula-
tion (BICM) and presents the BICM apaity for the quadrature amplitude
modulation (QAM) alphabets. Finally this hapter onludes with a formal
introdution of PHY abstration for orthogonal frequeny division multi-
plexing (OFDM)-based systems.
1.2.2 Part I - Methodologies
Chapter 3
This hapter presents PHY abstration methodologies for single-user (SU)
ommuniation in LTE. It provides the detailed training and validation of
PHY abstration shemes with the help of link level simulator for dierent
transmission modes of LTE. It answers the various fundamental questions
about the design and validation of PHY abstration shemes with the help
of detailed results. It provides the AWGN referene performane urves used
for the link quality indiation and shows that the alibration of adjustment
fators in popular PHY abstration shemes is a neessary step espeially for
the ase of mutual information based PHY abstration and multi-antenna
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ongurations. The methodology is presented for single-input single-output
(SISO) hannel and for multiple-input single-output (MISO) hannels, em-
ploying spae time blok odes (STBC), i.e., Alamouti odes and transmit
preoding. Some of the results from this hapter are published in,
• Imran Latif, Florian Kaltenberger Navid Nikaein and Raymond Knopp,
Large sale system evaluations using PHY abstration for
LTE with OpenAirInterfae, EMUTOOLS 2013, 1st Workshop on
Emulation Tools, Methodology and Tehniques, Marh 5, 2013, Cannes,
Frane in onjuntion with SIMUTools 2013, 6th International ICST
Conferene on Simulation Tools and Tehniques, Marh 5-7, 2013,
Cannes, Frane.
and will be presented as one part of the invited paper in,
• Imran Latif, Florian Kaltenberger and Raymond Knopp, On Sal-
ability, Robustness and Auray of physial layer abstra-
tion for large-sale system level evaluations of LTE networks,
ASILOMAR 2013, 47th Annual Conferene on Signals, Systems, and
Computers, November 3-6, 2013, Pai Grove, CA, USA.
Chapter 4
This hapter presents a novel PHY abstration model for inorporating the
knowledge of interferene along with the desired signal strength to predit the
link performane for the MU MIMO systems. The important aspet of this
method is that it an be used for not only MU MIMO systems but for other
interferene limited MIMO systems as well where the interferene is non-
Gaussian. A partiular example of suh senario is the transmission based
on the spatial multiplexing in LTE with two independent data streams. For
this ase the interferene reeived on both streams is not Gaussian and be-
longs to a nite QAM alphabet whose struture an be exploited during the
deoding. The proposed PHY abstration is able to exploit this information
for the PHY abstration. This hapter shows the results for the validation of
proposed sheme with the two state-of-the-art methods and its superiority
is proved using link level simulator. Some of the results are published in,
• Imran Latif, Florian Kaltenberger and Raymond Knopp, Link ab-
stration for multi-user MIMO in LTE using interferene-
aware reeiver, WCNC 2012, IEEE Wireless Communiations and
Networking Conferene, April 1-4, 2012, Paris, Frane.
and will be submitted as one part of journal paper,
• Imran Latif, Florian Kaltenberger and Raymond Knopp, Link Per-
formane Predition for Single and Multi-User MIMO in LTE
with Interferene Aware Reeivers, under preparation.
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Chapter 5
This hapter presents two novel semi-analytial PHY abstration models
whih predit the link performane of LTE systems with IR-HARQ for vari-
able bandwidth assignment. These proposed models make use of an intelli-
gent design of rate mathing in LTE for making the modeling of IR-HARQ
independent of the size of transport blok size (TBS) and redues the stor-
age requirements for the PHY abstration by utilizing referene performane
urves orresponding to the mother ode rate. The two proposed approahes
are symbol level modeling and bit level modeling. As it is lear from the names
that former is based on symbol level modeling and is thus easier to implement
whereas the latter is based on bit level modeling and is more aurate. The
results for dierent rounds of IR-HARQ are shown in this hapter and it is
observed that the proposed models provides very aurate validation results
from the link level simulator. The results from the symbol level modeling
are published in,
• Imran Latif, Florian Kaltenberger, Raymond Knopp and Joan Olmos,
Link abstration for variable bandwidth with inremental re-
dundany HARQ in LTE,WiNMEE 2013, 9th International Work-
shop on Wireless Network Measurements, in onjuntion with 11th Intl.
Symposium on Modeling and Optimization in Mobile, Ad Ho, and
Wireless Networks (WiOpt 2013), May 13-17, 2013, Tsukuba Siene
City, Japan.
and the results for the bit level modeling are published in,
• Joan Olmos, Albert Serra, Silvia Ruiz, Imran Latif, On the use of
mutual information at bit level for aurate link abstration
in LTE with inremental redundany H-ARQ, COST IC 1004,
5th MC and Sienti Meeting, Tehnial Researh Report IC1004
TD(12)05046, 24-26 September 2012, Bristol, UK.
These results are also being planned to be published in journal paper.
1.2.3 Part II - Appliations
Chapter 6
This hapter presents a omplete methodology for implementing the PHY
abstration in a system level simulator with the help of Eureom's OAI
system level simulator. It shows that how the PHY abstration should be
transparent to the upper layers of the LTE protool stak to benhmark the
performane of PHY abstration and full PHY proessing. It provides a
detailed omparison of dierent transmission modes of LTE for the simula-
tions with and without PHY abstration. It shows that PHY abstration is
a valuable tool for large sale system simulations by providing very similar
10 Chapter 1 Introdution
results as a system with full PHY proessing would provide. It also shows
that using PHY abstration an provide a huge amount of speed up in the
simulation and thus an be used for an eient real time performane eval-
uations without the loss of real transeiver performane. The results from
this hapter are published in the paper presented at EMUTOOLS and shall
also be published in the invited paper at ASILOMAR 2013.
Chapter 7
This hapter provides another important appliation of PHY abstration. It
provides the performane omparison of dierent LTE transmission modes
in rural areas at 800 MHz band with the help of real hannel estimates and
mutual information based PHY abstration sheme. It provides a detailed
methodology for the use of PHY abstration for suh experiments. It an not
only validate some of the well understood onepts of ommuniations but
an also be used for extensive analysis by extrapolating the results to various
other senarios. In this hapter the results for MU MIMO are extrapolated
from the hannel estimates of another transmission mode and it is shown that
it is advantageous to do opportunisti MU MIMO whenever it is possible as
it provides overall better throughput even when we restrit our results to
only lower modulation. The results from this hapter are published in,
• Imran Latif, Florian Kaltenberger, Rizwan Ghaar, Raymond Knopp,
Dominique Nussbaum, Hervé Callewaert, and Gaël Sot. Perfor-
mane of LTE in Rurual Areas - Benets of Opportunisti
Multi-User MIMO, PIMRC 2011, 22nd Annual IEEE International
Symposium on Personal, Indoor, and Mobile Radio Communiations,
September 11-14, 2011, Toronto, Canada.
• Andrea F. Cattoni, Hung T. Nguyen, Jonathan Dupliy, Deepaknath
Tandur, Bilijana Badi, Rajarajan Balraj, Florian Kaltenberger, Im-
ran Latif, Ankit Bhamri,Guillaume Vivier, Istvan Z. Kovask, Peter
Horvat, Multi-user MIMO and arrier aggregation in 4G sys-
tems: the SAMURAI approah, WCNC 2012, IEEE Wireless
Communiations and Networking Conferene, April 1-4, 2012, Paris,
Frane.
Chapter 8
This hapter presents the problem of fast link adaptation (FLA) in LTE and
shows that using the knowledge of antenna onguration from the ontrol
hannel information, an improved CQI an be alulated with the help of
mutual information based PHY abstration. Then using this improved CQI
the sheduler at the eNodeB an selet more appropriate MCS whih an
inrease the overall system throughput. We show that when a UE is being
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sheduled in transmission mode 6 then this improved link adaptation an
provide gain in the throughput of the system by seleting a more feasible
MCS on the downlink. The results from this hapter shall be published in,
• Imran Latif, Florian Kaltenberger and Raymond Knopp, Improved
Link Adaptation and Sheduling for Transmit Beamforming
in LTE using OpenAirInterfae, under preparation.
1.2.4 Conlusion & Future Work
Finally this hapter onludes the thesis by giving a quik summary of the
ahievements of the thesis and also provides the guidelines for the future
diretions in whih this work an be further extended.
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Figure 1.5: Proling for System Simulation with 1 eNodeB and 1 UE in the
ontext of LTE, SISO hannel, frequeny seletive Rayleigh hannel and
onstant bit rate tra.
Chapter 2
Fundamentals
2.1 Brief history of Cellular Standards
The rst popular ellular system Advaned Mobile Phone Servie (AMPS)
was deployed in 1983 in USA and was purely based on analog ommunia-
tion. Later it was deployed in several ountries in South Ameria, Asia and
North Ameria. With the installation of the rst global system for mobile
(GSM) in 1991 ame the era of seond generation (2G) mobile ommunia-
tions. It was a major break through in terms of quality, lateny and privay
of mobile ommuniations. GSM was the rst omplete digital mobile phone
system whih was immediately welomed by the major ountries of the world
and still holds the majority of global market share. The seond generation
was initially designed to be iruit swithed system for an improved voie
ommuniation but later with the demand of data servies an additional
plane for the paket-based servies was inluded in this standard. This data
plane was known as general paket radio servie (GPRS) whih evolved into
enhaned data rates for GSM evolution (EDGE). EDGE ould provide peak
data rates up to 384kbps and the average data rate of 80-120kbps. But soon
the desire for higher data rates moved the standardization bodies to develop
standards whih an provide higher data rates with low lateny and multi-
media support whih lead to the design of third generation (3G) systems.
The third generation systems were a signiant improvement over 2G sys-
tems with omparatively higher data rates, improved voie apaity as well
as advaned data servies and appliations. These systems were wideband
ommuniation systems and were based on ode division multiple aess
(CDMA). The rst 3G standard was named as universal mobile telephone
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Table 2.1: Summary Comparison of GSM (2G), WCDMA (3G) and LTE
GSM WCDMA LTE
Standard GSM 3GPP release 99 3GPP Release 8
Frequeny Bands 850/900MHz,
1.8/1.9GHz
850/900MHz,
1.8/1.9/2.1GHz
700MHz,
1.7/2.1GHz,
2.6GHz, 1.5GHz &
more
Channel Bandwidth 200KHz 5MHz 1.3, 3, 5, 10, 15,
20MHz
Multiple Aess TDMA,FDMA CDMA OFDMA (DL) &
SC-FDMA (UL)
Duplexing FDD FDD FDD & TDD
Peak Data Rate GPRS 107kbps;
Edge 384kbps
2048kbps 150Mbps (DL) &
75Mbps (UL)
User Plane Lateny 600-700ms 100-200ms 5-15ms
servie (UMTS) Release 99 by the 3GPP and was published in 1999. It
beame very popular and soon it was deployed in most of the ountries.
UMTS Release 99 was further enhaned by introduing high speed paket
aess (HSPA) and HSPA + whose evolution is still ongoing. But all these
systems were still not able to meet the data requirement of today's market
and thus in parallel to these standards, 3GPP started from srath to develop
a new standard known as Long Term Evolution (LTE) whih an provide
high amount of data rates and low lateny [4℄. A detailed omparison of
LTE with legay mobile standards in terms of lateny, peak data rate on DL
and UL, spetral eieny, et. is given in Table 2.1.
2.2 Third Generation Partenership Projet - Long
Term Evolution
3GPP nalized the standardization of its rst LTE release in 2008 and as
a result it was named Release 8. LTE was designed primarily with a goal
in mind to eetively provide the performane omparable with the wired
broadband servies. It was designed to provide 100Mbps at the downlink
(DL) and 50Mbps on the uplink (UL). Almost a deade ago, these data rates
were only possible on broadband wired networks but today LTE Release 8
has even surpassed its minimum requirements by providing even higher data
rates on both UL and DL. the LTE standard uses OFDM as the underlying
modulation sheme with OFDMA on the downlink and single-arrier (SC)-
FDMA on the uplink. OFDM has number of benets when ompared to
its predeessor WCDMA, espeially the ease of frequeny domain equaliza-
tion and the inlusion of yli prex to ght inter-symbol-interferene (ISI).
Furthermore, OFDM onverts a frequeny seletive broadband hannel into
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several narrowband at fading hannels beause of whih it beomes ideal
andidate for the MIMO tehniques. Moreover, the use of OFDM allows
frequeny domain resoure alloation in LTE whih inreases the spetral
eieny of the system.
Among other improvements in LTE are the support of multi-layer trans-
mission using multiple antennas at the transmitter and reeiver, inlusion of
apaity ahieving Turbo odes, bit interleaved oded modulation (BICM),
eient rate mathing, HARQ at the physial layer and adaptive modula-
tion and oding (AMC) at the MAC layer. Although it is not absolutely
neessary in the sope of this thesis to highlight the ore network ompo-
nents of LTE, a few details of the evolved paket ore (EPC) nevertheless
be mentioned. LTE has in fat revolutionized the ellular ommuniations
by providing a omplete paradigm shift to all IP network ore from the ar-
hiteture of having a separate iruit swithed and paket swithed ores.
It is shown in Figure 2.1 that all the omponents whih were neessary in
2G and 3G networks are replaed by rather simple and eient all IP-based
EPC.
Figure 2.1: LTE: From separate iruit-swithed and paket-swithed ores
to an all-IP ore [2℄
2.2.1 Evolved Paket Core
EPC is designed in Release 8 to provide high apaity, all IP, redued lateny,
at arhiteture that dramatially redues ost. It also supports advaned,
real time and media rih servies with an enhaned quality of experiene. Its
intelligent design inludes bakward ompatibility to legay 2G GSM-EDGE
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Radio Aess Networks (GERAN) and 3G Universal Terrestrial Radio Aess
Networks (UTRAN) onneted via Serving GPRS support nodes (SGSN).
EPC takes are of aess ontrol, paket routing and transfer, mobility man-
agement, seurity, radio resoure management (RRM) and network manage-
ment. More details about the LTE network arhiteture and EPC an be
found in [2℄.
Figure 2.2: An example of data ow in LTE protool
2.2.2 Protool Stak and Data Flow
In LTE protool stak is strutured into four main layers and eah layer is
responsible for dierent tasks. An example of data ow between these layers
is shown in Figure 2.2 where the data from or to higher layers is known as
servie data unit (SDU). The brief introdution of four layers is given below
as,
• Paket Data Convergene Protool (PDCP) [5℄ is responsible for the
robust header ompression of the inoming IP paket and performs
iphering to provide seurity.
• Radio Link Control (RLC) [6℄ is responsible for segmentation/onatenation
and in order transmission of the RLC SDU. It also perform RLC re-
transmission employing automati repeat request (ARQ).
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• Medium Aess Control (MAC) [7℄ is responsible for sheduling, mul-
tiplexing of users and Hybrid-ARQ (HARQ) retransmissions for the
pakets whih were reeived in error and ould not be deoded at the
reeiver.
• Physial Layer (PHY) [8℄ is responsible for the atual transmission
and ontains proesses like hannel oding, modulation, multi-antenna
proessing, resoure mapping et.
In the rest of this hapter we shall give more details about the struture of
the physial layer and the proessing performed on this layer in the LTE
standard.
2.3 LTE Physial (PHY) Layer
In LTE the physial layer is responsible for the nal transmission and reep-
tion of the data. The ommuniation is organized in the form of radio frames.
Generally one radio frame spans some duration in time and bandwidth in
the frequeny domain.
2.3.1 Radio Frame
In LTE the smallest resoure for whih the data an be alloated is the re-
soure element (RE). A resoure element onsists of one OFDM symbol plus
yli prex (CP) in time domain and 15kHz of bandwidth in the frequeny
domain. In this sense the RE is a two dimensional quantity whih an be al-
loated for data transmission. Twelve of suh onseutive resoure elements
in the frequeny domain ombined with 6 or 7 (depending on the length of
the CP) OFDM symbols in the time domain form a physial resoure blok
(PRB). A PRB is a RE grid with a duration of 0.5ms and has a bandwidth
of 180kHz. This is shown in Figure 2.3.
In LTE the whole bandwidth is divided into several PRBs and the users are
alloated ertain number of PRBs. The possible number of PRBs and REs
for variety of available bandwidths in LTE are given in the Table 2.2. Fur-
thermore, the PRB alloation for a spei bandwidth of 5 MHz is shown in
Figure 2.4. It an be seen in Figure 2.4 that there exists some perentage
of the total bandwidth whih ats as a guard bandwidth and a user an be
assigned a spei number of PRBs as its alloated bandwidth.
In the time domain 6 or 7 OFDM symbols make one slot of duration 0.5ms
and a yli prex is added to the beginning of eah slot. This an be seen
in Figure 2.5. In LTE standard there exist two types of yli prexes,
• Normal Cyli Prex (NCP)
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Figure 2.3: Time and Frequeny view of LTE Frame Grid
Figure 2.4: An Example for the Frequeny Domain Bandwidth alloation
in LTE with 5MHz bandwidth
• Extended Cyli Prex (ECP)
For an ECP there are six OFDM symbols in eah slot whereas for NCP there
are 7 OFDM symbols in one slot. A detailed information about the length
of a normal and extended yli prex is shown Figure 2.5. ECP provides
more protetion against ISI by having longer duration of CP and is thus used
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Table 2.2: Available Bandwidths in LTE and Corresponding REs and PRBs
Channel Bandwidth [MHz℄ 1.4 3 5 10 15 20
Useful Bandwidth [MHz℄ 1.08 2.7 4.5 9.0 13.5 18
Bandwidth Expansion (%) 23 10 10 10 10 10
Sampling Frequeny [MHz℄ 1.92 3.84 7.68 15.36 23.04 30.72
Number of PRBs 6 15 25 50 75 100
Number of REs 72 180 300 600 900 1200
for senarios where the multiple opies of the signal an arrive with a larger
delay.
It an be seen in Figure 2.5 that two slots are ombined together to make
a subframe of duration 1ms. This duration is also alled transmission time
interval (TTI) and eah TTI duration a new sheduling and AMC deision
an be taken in LTE. Ten of suh subframes ombined together make an
LTE radio frame of duration 10ms, whih is the main unit for transmission
on the LTE PHY layer. The disussion until this point is more relevant to
the time division duplexing (TDD) frame ongurations. For the ase of
frequeny division duplexing (FDD) the only dierene is that there exists
no speial subframe and all of the subframes are alloated either for the DL
or the UL, whereas in the TDD there exists many dierent ongurations
with a speial subframe for the hoie of DL and UL ommuniation whih
are shown in the Table 2.3.
Table 2.3: LTE TDD Frame Congurations
TDD DL/UL
Conguration
Subframe Number
0 1 2 3 4 5 6 7 8 9
0 D S U U U D S U U U
1 D S U U D D S U U D
2 D S U D D D S U D D
3 D S U U U D D D D D
4 D S U U D D D D D D
5 D S U D D D D D D D
6 D S U U U D S U U D
In this thesis, however, all the results are based on the TDD onguration
3 only where there are 6 DL subframes, 3 UL subframes and one speial
subframe. Also throughout this thesis normal yli prex is used for all of
the disussions and for generating the results.
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Figure 2.5: LTE Frame struture
2.3.2 PHY Proessing
For the LTE downlink the physial layer proessing mainly onsists of han-
nel oding, modulation and layer mapping as shown in Figure 2.6. Channel
oding takes the input from the MAC layer as transport bloks and performs
oding on them to obtain odewords whereas the modulation generates om-
plex valued OFDM basedband signals for eah antenna port whih are then
uponverted to the arrier frequeny.
Figure 2.6: Channel oding, Rate mathing and Modulation Mapping in
LTE
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To provide forward error detetion a yli redundany hek (CRC) are 24
parity bits is attahed to the transport blok. This CRC is generated using
the yli generator polynomials desribed in [9℄. The ode blok segmenta-
tion is performed on the resulting transport blok only if the number of CRC
and transport blok bits beomes greater than the maximum allowed size of
the interleaver in the turbo ode(6144). If the segmentation is performed
then an additional CRC of 24 bits is attahed again to eah of the ode
blok. After this rate 1/3 Turbo oding is performed on eah ode blok.
Turbo Coding and Rate Mathing LTE utilizes apaity ahieving
turbo odes with rate 1/3 for the downlink transmission. The turbo enoder
in LTE onsists of one systemati and two parallel onatenated 8-state on-
volutional enoders and one internal interleaver. As is shown in the Figure
2.7 (a) the box labeled as systemati bits ontains the ode blok diretly
and the boxes labeled as parity bits 1 and 2 ontain the bits from the on-
stituent enoder 1 and 2 respetively. Eah data blok has its own interleaver
and the interleaved data bits are written into the irular buer. Then for
an arbitrary ode rate transmission the odewords are generated using the
irular buer (CB) and rate mathing. Sine the CB orresponds to the
ode rate 1/3 (also referred to mother ode), therefore, the odewords with
higher ode rate than the mother ode rate an be generated by transmit-
ting only a portion of the CB. And the odewords with lower ode rate than
mother ode an be generated by transmitting the CB several times. More
details about the struture of LTE rate mathing and the CB an be found
in [9℄ [10℄.
(a) Turbo Enoder in LTE (b) Redundany Versions (rv) in LTE
Figure 2.7: Turbo Coding and IR-HARQ in LTE
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2.3.3 HARQ in LTE
In LTE HARQ is supported at the PHY layer to provide higher improvements
in the PHY throughput. If the rst transmission is not suessful, then the
UE sends bak a not-aknowledged (NACK) signal to the eNodeB on its UL
ontrol hannel indiating that the odeword is reeived in error and is not
deoded orretly. The eNodeB then transmits the either the same opy of
odeword it sent in round 1 or sends a odeword suh that it ontains some
repeated bits and mostly new parity bits. This is possible in LTE with the
help of redundany versions (RV) and virtual irular buer. The design of
rate mathing and punturing in LTE is very sophistiated and it an be
used for implementing an arbitrary ode size and HARQ benets from the
design of dierent redundany versions. After reeiving the ertain number
of retransmission, the eetive signal is alulated at the reeiver by applying
the maximum ratio ombining on the reeived log-likelihood ratios (LLRs)
during dierent retransmissions. The gains reeived after the deoding an
be atually divided into two ategories, the oding gain whih omes from the
transmission of new parity bits in eah retransmission and the reeive SNR
gain whih omes from the repetition of oded bits in eah retransmission.
It is very well known that for turbo odes with ontention free interleavers,
most of the Hamming weight in the minimum distane resides in the parity
bit streams. Therefore, the retransmissions are designed to have more new
parity bits so that the eetive minimum distane of the puntured ode is
improved and provides good performane at higher ode rates. There are
two types of HARQ supported in LTE,
• Chase Combining (CC) where in ase of unsuessful deoding at the
reeiver, the transmitter sends the opy of the same data as in previous
transmissions.
• Inremental Redundany (IR) where a ombination of some old bits
and some new parity bits is transmitted in the ase of unsuessful
deoding at the transmitter.
For the IR-HARQ in LTE there are four dierent redundany versions (RV)
as shown in Figure 2.7 (b) whih are reated by reading out the bits from a
dierent starting point in the CB. The adjaent RVs ontain equal number
of the repeated bits and if the same MCS is used for retransmission then
eah of the RV has the same size.
2.4 Bit Interleaved Coded Modulation (BICM)
Another important onept in the sope of this thesis is bit interleaved oded
modulation (BICM). BICM was rst proposed by Zehavi [11℄ and then later
a detailed information theoreti analysis was performed by Caire et al [12℄.
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BICM is being used in many of the latest standards, e.g., IEEE 802.11a,
IEEE 802.16 and 3GPPs LTE beause of its improved performane and ease
of implementation ompared to the oded modulation sheme. Figure 2.8
shows a generi baseband BICM hannel model with iterative deoding. The
vetor of enoded bits c generated by the enoder is interleaved, generating
c′ = Π(c).
Figure 2.8: Baseband BICM-ID transmission model
The output of the interleaver is then given to the modulator where these
inteleaved and oded bits are gathered in length-n odewords whih are then
mapped to omplex symbols x ∈ χ using a binary memoryless mapping
M : {0, 1}n → χ where χ is the onstellation alphabet. Then these symbols
x = [x0, x1, · · · , xN ] are transmitted through the hannel where N is the
symbol blok length. Then the reeived signal at time t an be given as,
yt = ht.xt + zt (2.1)
where ht is a omplex hannel gain and zt is a zero mean real white Gaussian
noise sample with variane N0. We shall hereafter drop the index t, as in
the rest of the hapter the individual hannel symbols shall be onsidered.
2.4.1 BICM Capaity for QAM Constellation
The mutual information for the system for a nite size QAM onstellation
with |χ| =M takes the form,
I (Y ;X|h) =H (X|h) −H (X|Y, h)
= logM −H (X|Y, h) (2.2)
where H (.) = −E log p (.) is the entropy funtion. The seond term of (2.2)
is given as
H (X|Y, h) =
∑
x∈χ
∫
y
∫
h
p (x, y, h) log
1
p (x|y, h)dy
=
∑
x∈χ
∫
y
∫
h
p (x, y, h) log
∑
x′∈χ p (y|x′, h)
p (y|x, h) dy
(2.3)
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Note that onditioned on the hannel, the only soure of randomness is the
noise. So (2.3) an be extended as
H (X|Y, h) = 1
M
∑
x∈χ
Ez log
∑
x
′∈χ exp
[
− 1
N0
∣∣∣hx+ z − hx′∣∣∣2]
exp
[
− 1
N0
|z|2
]
=
1
M
∑
x∈χ
Ez log
∑
x′∈χ exp
[
− 1
N0
|h(x− x′) + z|2
]
exp
[
− 1
N0
|z|2
]
then the mutual information for QAM onstellation symbols an be written
as,
I (Y ;X|h) = logM − 1
M
∑
x∈χ
Ez log
∑
x
′∈χ exp
[
− 1
N0
∣∣∣h(x− x′)+ z∣∣∣2]
exp
[
− 1
N0
|z|2
]
(2.4)
Please note that the mutual information of (2.4) represents the ase for single
user system with no interferene. Figure 2.9 shows the mutual information
for the ase of QPSK, 16-QAM and 64-QAM. This mutual information shall
be used for the mutual information based PHY abstration in the rest of the
thesis.
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2.5 OpenAirInterfae
OpenAirInterfae is an open-soure platform for experimentation in wire-
less systems with a strong fous on ellular tehnologies suh as LTE and
LTE-Advaned. The platform omprises of both hardware and software om-
ponents and an be used for simulation/emulation as well as real-time exper-
imentation. It omprises of the entire protool stak from the physial to the
networking layer. The objetive of this platform is to ll the gap between
the simulation and real time experimentation by providing the baselines for
protool validation, performane evaluation and pre-deployment system test.
The key features are
• Extensive LTE Release 8.6 ompliane with some features from LTE-
Advaned
• Full protool stak for both UE and eNB implementations
• Provides Linux networking interfae to run any appliation on top
• Carrier aggregation possible
• Implements several important transmission modes (TM) of LTE
∗ LTE TM 1 (SISO)
∗ LTE TM 2 (STBC - Alamouti Codes)
∗ LTE TM 5 (MU MIMO)
∗ LTE TM 6 (Transmit Preoding)
OpenAirInterfae omprises of a highly optimized C implementation inlud-
ing all of the elements of the 3GPP LTE Rel 8.6 protool stak for UE and
eNB (PHY, MAC, RLC, RRC, PDCP, NAS driver). Apart from real-time
operation of the software modem on a hardware target, the full protool
stak an be run in emulation. The OpenAirInterfae emulation environ-
ment allows for virtualization of network nodes within physial mahines
and distributed deployment on wired Ethernet networks. Nodes in the net-
work ommuniate via diret-memory transfer when they are part of the
same physial mahine and via multiast IP over Ethernet when they are
in dierent mahines. In the rst ase the emulator an either be run with
the full PHY layer or with PHY abstration while in the latter ase nodes
interfae at layer 2. The rest of the protool stak (MAC and RLC) for eah
node instane uses the same implementation, as would the full system. Eah
node has its own IP interfae that an be onneted either to an appliation
or a tra generator. The emulator also omprises a simple mobility model
and hannel models inluding path loss, shadow fading and stohasti small
sale fading.
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2.6 PHY Abstration
The purpose of PHY abstration is to provide an aurate mapping between
the link level and system level simulator in terms of the link quality measure.
Traditionally this link quality measure is evaluated in terms of the BLER
whih is a funtion of signal-to-interferene plus noise ratio (SINR) averaged
over the several hannel and noise realizations of one spei hannel model.
It is very important to mention that average SINR-to-BLER mapping may
sue assuming that every transmitted oded blok enounters similar han-
nel statistis. But this assumption usually does not hold in reent wireless
mobile systems, due to several reasons:
• In OFDM-based systems, the frequeny seletivity aused by multipath
propagation introdues SINR variations aross the subarriers. The
oded blok is transmitted over several sub-arriers; therefore the post-
proessing (after equalization) symbol SINR values are not uniform.
• In multi-antenna systems the same oded blok is transmitted aross
several spatial layers, eah experiening dierent hannel thus giving
rise to the variations in reeived SINR.
• The hannels are also time seletive, ausing the hannel gains of the
sub-arriers to hange in time, espeially in the high mobility ases.
• Current systems inlude HARQ; delays in retransmissions and the
time-varying hannel introdue SINR variations aross the transmitted
symbols.
In this way, symbols with unequal SINR values may arrive at the reeiver.
The oded bits are fed to the deoder having dierent qualities, due to trans-
mitting them on dierent spatial layers, in dierent OFDM symbols and on
dierent OFDM subarriers. This is equivalent to transmitting the FEC
blok through multiple-state hannels. Prediting the BLER performane
from a hannel realization (the instantaneous SINR for eah sub-arrier) be-
omes a key issue for aurate system-level evaluations, and this is the role
of PHY abstration.
2.6.1 PHY abstration for OFDM-based Systems
Sine all new and upoming ellular standards use OFDM as the basi uplink
and downlink transmission sheme so we are interested in studying the PHY
abstration shemes for OFDM-based systems. In OFDM-based systems the
proess of PHY abstration an be redened as the proess whih predits
the link quality (in terms of BLER) for a spei hannel realization aross
all of the OFDM sub-arriers taking into aount the power and resoure al-
loation, modulation and oding sheme (MCS) and other parameters that
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Figure 2.10: Link performane model
an inuene the link performane. A link performane model given in [13℄
is illustrated in Figure 2.10.
The sheduler speies how the resoures are alloated to the users and at
whih power level, and the hannel harateristis (e.g., frequeny response)
an be determined taking into aount path loss, shadowing, fading and
inter-ell interferene. Based on this information, a set of quality measures
θn is derived for all the resoure elements n = 1, . . . , N whih are oupied by
the oded blok (odeword). Usually, these quality measures are the SINR
values after equalization at the reeiver.
Figure 2.11: Link-to-System Mapping Proedure
The number N of resoure elements an be very large for urrent MIMO-
OFDMA systems, leading to many possible ombinations of quality measure
values (θn). Therefore, multidimensional mapping to BLER is impratial.
The solution is to ompress these values into a small number of parameters
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(typially a single one), whih would allow the mapping of the set of quality
measures to a salar value. After this, the ompressed value is used to ob-
tain the required link performane (BLER) using look-up tables (LUTs) or
analytial expressions, whih are previously reated through link-level sim-
ulations. The mapping funtion depends on the employed hannel ode,
interleaving, modulation and blok length. The hannel harateristis are
generated at the system-level and are used to ompute the post-proessing
SINR for eah sub-arrier. The set of SINRs is onsidered as input to the
PHY abstration whih maps this set to a link quality metri (LQM), whih
is a salar value. Normally this LQM is an eetive SINR (γ
e
), whih is
then mapped to the link level urves obtained in advane through simula-
tions for an AWGN hannel. This eetive SINR an be thought of as an
AWGN-equivalent SNR of the instantaneous hannel realization and it an
be alulated in dierent ways. This proedure is named eetive SINR
mapping (ESM). A similar Link-to-System (L2S) mapping proedure is used
in the IEEE 802.16m Evaluation Methodology Doument [14℄, as illustrated
in Figure 2.11.
To onlude, the Link-to-System interfaing onsists of two mapping meh-
anism:
• The rst one maps the hannel state information (CSI) of the instan-
taneous hannel realization, usually a set of SINR values, to a link
quality metri (LQM), a salar value;
• The seond one maps this LQM to the required link performane mea-
sure (usually the BLER), by using link level results previously gener-
ated for AWGN hannels.
Part I
Methodologies
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Chapter 3
LTE Single-User (SU) SISO &
MISO Systems
3.1 Introdution
PHY abstration also referred as link abstration, link-to-system (L2S) in-
terfae or link predition has gained quite a lot of attention from the researh
ommunity in the last deade. This is due to the lurative gains it oers in
terms of resoure and time onsumption for large sale system evaluations.
Usually it is thought of an interfae whih provides the neessary informa-
tion from the link level simulator to the system level simulator to perform
higher layer tasks, i.e., resoure sheduling, link adaptation and radio re-
soure management (RRM) and hene the name link-to-system interfae. In
the past average value interfae (AVI) was the rst PHY abstration teh-
nique used for GSM systems under the assumption of slow or at fading
hannels. This sheme was unable to apture the eets of the variations
in the hannel and thus was limited in its appliability for the evaluation of
real systems. Then atual value interfae (AVI) was proposed in [15℄ whih
was able to aount for multipath and the frequeny hopping with the help
of some auxiliary statistis.
However with the invention of apaity ahieving Turbo odes and LDPC
odes, use of OFDM as modulation sheme, support of multiple antennas at
transmitter and reeiver, forward error orretion at layer 1 with the help
of HARQ and use of fast link adaptation in reent standards suh as 3GPP
LTE has revolutionized the eld of ellular ommuniations. One of the very
important features of new systems is the utilization of an instantaneous han-
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nel feedbak to benet from the adaptive modulation and oding shemes.
This puts even more strit onstraints for the PHY abstration, other than
to imitate already ompliated PHY proesses, in terms of auray for the
fast fading hannels, low omplexity and speed. Therefore researh in this
speialized area is of utmost importane and has been welomed by both
industry and aademia.
3.1.1 Related Work
During the last deade the need for more sophistiated PHY abstration
modeling has gained quite a bit of attention from the researh ommunity
due to its importane for aurate system level evaluations. Mainly [16℄ [17℄
[18℄ [19℄ disuss the possible link performane models whih are apable of
apturing the eets of multi-state hannels. Exponential eetive SINR
mapping (EESM) was rst introdued for system level evaluations in [16℄
and sine then onwards have been extensively used for link quality mod-
eling. In [20℄ it is shown that EESM is a suitable hoie for 3GPP LTE
wireless systems and performs better than other link quality shemes but
mutual-information based methods were not onsidered for the omparison.
They also showed through simulations that the PHY abstration is inde-
pendent of the used hannel model. In [18℄ authors disussed some of the
possible link performane models and evaluated them in terms of omplexity
and performane. They showed through their results that for single antenna
systems mutual-information based eetive SINR mapping (MIESM) per-
forms better in both omplexity and performane than all other approahes.
They also showed that for multi-antenna systems MIESM is able to desribe
the harateristis of modulation and oding shemes in a muh better way
than other shemes. In [21℄ authors have introdued one more alibration
fator for EESM and have shown that it speeds up the abstration proess.
In [22℄ authors have studied the abstration for generalized spatial hannel
model (SCM) and in [23℄ abstration for OFDM based mobile networks is
disussed. In [19℄ the authors have used the observation that deoding of
a odeword is independent of modulation so they have devised a two step
method where reeived bit information rate is used as a link quality measure
instead of SINR. This method is also based on mutual information and does
not require the alibration for onvolution and turbo deoders. They showed
the superiority of MIESM over EESM using this approah. This result was
strengthened by [13℄ (Wireless World Initiative New Radio- WINNER) and
they hose MIESM as the link performane modeling methodology. PHY
abstration modeling for linear MIMO reeivers (i.e. zero-foring and mini-
mum mean-squared error) and Maximum Likelihood (ML) reeivers are given
in [14℄. Moreover the link quality expressions for simplied HARQ enabled
transmissions are given in [14℄.
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An interesting result is shown in [24℄ whih states that the training for the
link quality model of MIMO systems should not be done using SISO sys-
tems. They strengthen their point by showing results for a 2x2 open loop
MIMO system using both EESM and MIESM and they have also shown that
MIESM performs better than EESM. In [17℄ whih is an intermediate report
on a system level simulator, the authors proposed link quality modeling for
ooperative ommuniations onsidering a generi link whih onsists of the
diret path and the relayed path whih in eet makes it similar to the pre-
viously disussed link performane shemes. They do not disuss the eet
of abstrating eah (diret/indiret) link between transmitter and reeiver
and thus it is not really a true link performane metri for the laimed o-
operative ommuniations.
In [25℄ the author gives very interesting insight into link quality model-
ing for the relay assisted transmissions with dierent relay senarios using
deode-and-forward sheme. The author in [25℄ makes use of the fat that the
relay assisted ommuniation an be seen as virtual MIMO with distributed
antennas and then he uses EESM for the link quality modeling.
3.1.2 Contributions
In this hapter most popular PHY abstration tehniques are presented with
a strong emphasis on their point-to-point pragmati implementation for var-
ious types of transmission and reeption shemes in LTE systems. The
two widely used PHY abstration shemes are EESM and MIESM. Both
of these shemes are based on the onept of eetive SINR mapping whih
is explained in the next setion. An important parameter for both of these
shemes is the adjustment fator(s) for dierent types of transmission strate-
gies and hannel models. In this hapter we shall provide lear understanding
of these adjustment fators and on their requirement for the auray of the
model. We show that the adjustment fators need to be alibrated and
validated to make sure that the PHY abstration provides the realism by
imitating the full PHY performane.
Most of the work in the literature presents the results for very limited sys-
tems whereas in this hapter we present a generi understanding on dier-
ent aspets of PHY abstration with the help of various antenna ongu-
rations inluding single-input single-output (SISO) hannel, multiple-input
single-output (MISO) hannel with transmit diversity [2631℄ and transmit
beamforming tehniques [3241℄. These shemes are referred as transmis-
sion mode 1, 2 and 6 in LTE systems respetively. This hapter provides
a omplete methodology of the alibration and validation of the mentioned
PHY abstration shemes and presents results with the help of OAI link level
simulator.
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Table 3.1: Downlink Transmission Modes in LTE
UE DL Transmission Mode Transmission Sheme of PDSCH
Mode 1 Single-antenna port
Mode 2 Transmit Diversity
Mode 3 Open-Loop Spatial Multiplexing
Mode 4 Closed-Loop Spatial Multiplexing
Mode 5 Multi-User MIMO
Mode 6 Closed-Loop Rank-1 Preoding
Mode 7 Beamforming Single-antenna port
port 5
Mode 8 Dual Layer Beamforming
Mode 9 Multi-user MIMO Rank>1
seamless swithing between SU
and MU-MIMO
3.2 LTE Signal & System Model
The system under onsideration is an LTE single ell senario with one eN-
odeB and U ative UEs. The eNodeB is equipped with Nt antennas and
the all of the UEs are equipped with one antenna only. It is assumed that
there is no oordination between UEs for the ommuniation to the eNodeB
and all UEs have independent and identially distributed (iid) hannels. It
is further assumed that there is no interell interferene in the system. The
sheduler an deide to serve K users out of the U available users depending
on their hannel onditions and the requested bandwidth. The eNodeB an
be ongured to serve the seleted K UEs in dierent available LTE trans-
mission modes on the downlink. These transmission modes are listed in the
Table 3.1. Latest release 10 of LTE has up to 9 dierent downlink transmis-
sion modes depending on the dierent antenna onguration and transmit
or reeive strategy.
In this hapter the abstration methodology for transmission mode 1, 2
and 6 is presented but the methodology for transmission mode 6 an be
equivalently used for the transmission mode 7 as well.
3.2.1 LTE Transmission Mode 1
LTE transmission mode 1 is the most basi and simplest transmission mode
in whih a single antenna eNodeB ommuniates with single antenna UEs.
The system model for this transmission mode is shown in Figure 3.1. For
the model shown in Figure 3.1 the reeived signal at the k-th UE for n-th
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Figure 3.1: SISO: system model with one singe antenna eNodeB and U
single antenna UEs
resoure element an be written as
yk,n = hk,nxk,n + zk,n, n = 1, 2, · · · , N
where hk,n ∈ C symbolizes the SISO hannel from the desired eNodeB to
the k-th UE, zk,n is zero mean irularly symmetri omplex Gaussian (ZM-
CSCG) white noise of variane N0 at k-th UE. Complex symbol xk,n is
assumed to be independent and belongs to a disrete M-QAM onstellation
with variane σ2k = 1. For suh a system model the reeived signal to noise
ratio (SNR) at k-th UE on n-th resoure element is given by
γk,n =
|hk,n|2.σ2k
N0
=
|hk,n|2
N0
(3.1)
3.2.2 LTE Transmission Mode 2
In LTE transmission mode 2 employs transmit diversity whih is a tehnique
to ombat multipath fading in wireless ommuniation. LTE utilizes Alam-
outi spae time blok odes whih were proposed in late 1990s [26℄. The
main idea is to send the opies of the same signal, oded dierently, from
multiple transmit antennas giving rise in the transmit diversity. In transmis-
sion mode 2, two omplex symbols (i.e. x1 and x2) are transmitted over two
symbol times from the two transmit antennas. Figure 3.2 shows the system
model for LTE TM 2 where a dual antenna eNodeB is ommuniating with
single antenna UEs. We assume that the hannel is i.i.d but stays onstant
for the duration of the two symbol times. In the rst symbol time x1 and x2
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Figure 3.2: Transmit Diversity: system model with a dual antenna eNodeB
and U single antenna UEs
are transmitted whereas in the seond symbol time −x∗2 and x∗1 are transmit-
ted through antenna 1 and antenna 2 respetively. The reeived signal for
transmission mode 2 at u-th UE on n-th resoure element after two symbol
times is given by
yk,n =
1√
2
Xk,nhk,n + zk,n, n = 1, 2, · · · , N
Xk,n =
[
x1 x2
−x∗2 x∗1
]
,hk,n =
[
h1k,n
h2k,n
]
and zk,n =
[
z1
z2
]
where
1√
2
is the power normalization fator for both antennas, hk,n ∈ C2×1
is the MISO hannel from eNodeB to the k-th UE, Xk,n is 2× 2 matrix
in whih eah olumn represents the 2 × 1 vetor of independent omplex
symbols x1 and x2 of variane σ
2
k at k-th UE for two symbol periods, zk,n
is vetor of ZMCSCG white noise of variane N0 at k-th UE for two symbol
periods. At the reeiver joint proessing for the two symbols is applied and
the reeived SNR at k-th UE on n-th resoure element an be alulated as,
γk,n =
|h1k,n|2 + |h2k,n|2
2.N0
(3.2)
Beause of the power normalization fator the gain in the reeived SNR is
lost in transmission mode 2 but the gain in diversity is still obtained.
3.2.3 LTE Transmission Mode 6
In LTE transmission mode 6 employs transmit beamforming where multiple
antennas at the eNodeB are used to transmit the same signal appropriately
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weighted for eah antenna element so that the transmission an be direted in
the diretion of the desired user only. For transmission mode 6 in LTE, a high
SNR is obtained at the reeiver by using transmit preoder p whih fouses
the transmit energy to a spei user. Figure 3.3 shows the system model
for LTE TM 6 where a dual antenna eNodeB performs transmit preoding
towards single antenna UEs.
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Figure 3.3: Transmit Preoding: system model with a dual antenna
eNodeB and U single antenna UEs
The reeived signal for LTE TM 6 MISO transmission at k-th UE on n-th
resoure element is given by
yk,n = h
†
k,npk,nxk,n + zk,n, n = 1, 2, · · · , N
where h
†
k,npk,n is the eetive preoded hannel from eNodeB to the k-th
UE, pk,n is the preoder requested by k-th UE and zk,n is ZMCSCG white
noise of variane N0 at k-th UE. In LTE the user an request one of the four
available preoders,
pk,n =
1√
2
[
1
1
]
,
1√
2
[
1
−1
]
,
1√
2
[
1
j
]
,
1√
2
[
1
−j
]
The reeived SNR at the k-th UE on n-th resoure element is given by
γk,n =
|h1k,n + qh2k,n|2
2.N0
(3.3)
where q ∈ {±1, ±j}. Beause of the beamforming eet, transmission mode
6 extends the range of the ell in LTE and beause of the direted beams it
also redues the interferene on the neighboring UEs.
38 Chapter 3 LTE Single-User (SU) SISO & MISO Systems
3.3 PHY Abstration in LTE
In LTE the main purpose of PHY abstration is to aurately provide the
performane of LTE air interfae for the MAC layer. A more generi view
of abstration is shown in Figure 3.4. In LTE the air interfae is based on
the bit interleaved oded modulation with iterative deoding. The details
about BICM in LTE are already given in Chapter 2. As explained in the
Figure 3.4: PHY Abstration in LTE
previous hapter PHY abstration usually onsists of two main steps; link
quality metri alulation and link performane modeling. Sine the link
quality metri has to reet the state of the hannel in a useful way that
is why most of the times SNR (or SINR in ase of Gaussian interferene)
is the best andidate for it. The link performane modeling onsists of two
further steps; ompression of multiple link quality metris into one eetive
link quality metri and its mapping onto AWGN based link performane
urves of spei MCS to obtain the link quality indiator.
3.3.1 Link Quality Metri
The link quality metri an be dened as the quantity whih is apable of
apturing all the phenomenon eeting the link quality between the eNodeB
and UE. The link quality metri should be able to apture the eets of
interferene, pathloss, multipath fading et. and give a simple measure of
the quality of the link. Normally the reeived SINR is the best andidate
for the link quality metri and for the system model of this hapter, the link
quality metris an be obtained using (3.1), (3.2) and (3.3) for the ase of
transmission mode 1, 2 and 6 respetively.
3.3.2 Link Performane Modeling
An important step in link performane modeling for PHY abstration is to
alulate the eetive SNR in a way that it is able to transform the multi-
state hannel in to a single state hannel. For this purpose the basi proposed
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sheme in the literature is eetive SNR mapping whih at rst ompresses
the varying SNRs of a odeword to an eetive SNR (γ
e
) value then this
γ
e
is used to obtain the link quality indiator as an equivalent BLER from
the AWGN performane urves of a partiular modulation and ode sheme
(MCS).
γ
e
(β1, β2) = β1I
−1
[
1
N
N∑
n=1
I
(
γn
β2
)]
, (3.4)
γ
e
→ BLER
A
(MCS) (3.5)
where BLER
A
(MCS) is the BLER of spei MCS for an AWGN hannel,
β1 and β2 are alled adjustment fators to ompensate for dierent modula-
tion orders and ode rates. Further details about these adjustment fators
is given in the next setion. In (3.4) N is the number of hannel symbols in
a given odeword and I(γn) is a mapping funtion whih transforms SINR
of eah hannel symbol to some information measure where it is linearly
averaged over the odeword. The hoie of this information measure in ESM
is of very muh importane. It should be able to reet the eets of fre-
queny seletivity experiened by eah hannel symbol within the limits of
a ommuniation hannel whih in the ase of LTE is based on the BICM
apaity for QAM onstellation. Due to this restrition the very famous
Shannon's apaity an not be used as an information measure in LTE as
it is an unbounded measure of information being a funtion of S(I)NR. It is
shown in Figure 3.5. Therefore the ideal hoie for LTE systems will either
be the BICM apaity funtion or some equivalent funtion whih is similar
to BICM apaity in terms of performane.
There has been many investigations in the literature for nding the proper
information measure whih is not only easy to implement but also aurate.
In this respet the two most studied link abstration methodologies are the
EESM and MIESM where in the former an exponential funtion is used
as an information measure and in the latter normalized BICM onstrained
apaity is used as an information measure. These are shown in Figure 3.5.
EESM
For EESM the information measure funtion I(γn) is alulated using Cher-
no union bound of error probabilities [16℄ and an be given as,
I(γn) = 1− exp(−γn). (3.6)
and the reverse information funtion is easily omputed from (3.6). Then
γ
e
for the EESM an be written as,
γ
e
(β1, β2) = −β1 ln
[
1
N
N∑
n=1
exp
(
−γn
β2
)]
. (3.7)
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In (3.7) the ompression is performed on N hannel symbols and then
the ompressed value is transformed bak into the SNR domain to obtain
γ
e
(β1, β2) for the purpose of look-up from the orresponding AWGN look-
up tables to provide the link quality indiator.
MIESM
In the ase of MIESM there are no losed form analytial formulations of
information measure and thus one has to rely on numerial approximations.
For the BICM the approximation of the information measure funtion and
the reverse information funtion omes from the normalized mutual infor-
mation for disrete QAM onstellations. For the ease of implementation and
alulation of the mutual information for eah hannel symbol, these values
are pre-omputed for dierent QAM modulations over a wide range of input
SNR and are stored in the form of look-up tables. In general the normalized
BICM mutual information for an arbitrary hannel symbol γn and M-QAM
modulation an be given as,
IM (γn) =
1
logM

logM −
1
M
∑
x∈χ
Ez log
∑
x
′
∈χ exp
[
−
∣∣∣γn (x− x′)+ z∣∣∣2]
exp
[
− |z|2
]


(3.8)
where χ is the set of the QAM onstellation points with |χ| = M and
z ∈ CN(0, 1). To omplete the proess of the PHY abstration the IM is al-
ulated for all of the N hannel symbols and is then ompressed (averaged)
to a single mutual information value. This mutual information value is then
used to perform the reverse information mapping to obtain the γ
e
(β1, β2)
for reading the BLER from AWGN look-up tables. Figure 3.5 shows the
normalized mutual information for dierent QAM modulations and the in-
formation measure for EESM.
For the PHY abstration the link quality metri an be alulated using
(3.1), (3.2) and (3.3) for LTE transmission modes 1, 2 and 6. Then any of
the two explained methods an be used to obtain γ
e
(β1, β2) so that it an
be used to read BLER from the previously alulated AWGN performane
urves orresponding to the spei MCS, i.e.,
BLER(γ,MCS) ≃ BLER
A
(γ
e
(β1, β2) ,MCS) (3.9)
Where γ represents the N×1 vetor of γn and BLERA represents the AWGN
blok error rate obtained for a spei MCS. In LTE there are 29 dierent
MCS with a wide range of ode rates and 3 possible modulation shemes;
QPSK, 16-QAM and 64-QAM. Figure 3.6 shows the AWGN performane
urves for these MCS whih are obtained from the OAI LTE link level sim-
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Figure 3.5: Comparison of Normalized Mutual Information funtions and
EESM funtion
ulator for mapping the eetive link quality metri to an equivalent link
quality indiator.
3.4 Calibration of Adjustment Fators
An extremely important feature of PHY abstration is that it must be very
aurate in providing as muh realism in the performane of a system as a
simulation with full PHY proessing. Therefore, before we implement the
PHY abstration for the system level evaluations it has to be validated.
For this purpose we used Eureom's OpenAirInterfae link level simulator
and applied both ESM methods. Figure 3.5 shows the normalized mutual
information funtions for QPSK, 16-QAM and 64-QAM and the information
funtion from (3.6) for EESM. It an be seen that the EESM funtion is very
similar to that of the QPSK normalized mutual information funtion whih
is why the alibration is not a ritial issue for the ase of QPSK but for the
ase of 16-QAM and 64-QAM, alibration is a neessary step if EESM is to
be employed in the system.
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e Curves in LTE with 5 MHz
Bandwidth for MCS 0 - 27
3.4.1 Link Level Simulations
The main idea of validation is to hek whether the PHY abstration is good
enough for any random hannel realization or not. In other words an the
PHY abstration be applied in any random senario and be able to transform
the eets of a multi-state hannel into a single-state hannel by providing
an aurate link quality indiator.
The answer an be found with the help of link level simulations for the
three desribed transmission modes. If it is made sure that the link level
simulations are performed for a highly frequeny seletive hannel with a
very large number of hannel and noise realization then it shall be able to
apture the eet of highly variant hannels for the PHY abstration. The
omplete parameters of these simulations are desribed in Table 3.2.
For eah of the link level simulations, a huge number of i.i.d hannel real-
izations are generated and during the simulation of eah hannel realization
the hannel is kept onstant. Then link level simulation is performed for
10000 pakets or 5000 erroneous pakets with random AWGN noise. These
simulations took a very long time to nish but these were neessary to prove
the validation of the PHY abstration shemes. We ould have applied the
PHY abstration of the hannel realizations diretly in the link level simu-
lator while these simulations were running but that would have limited the
appliability and the sope of these simulations as we ould perform PHY
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Table 3.2: Simulation Parameters for Link Level Simulator
OpenAirInterfae Link Level Parameters
Transmission Mode 1, 2, 6
Transmission Bandwidth 5 MHz
FFT Size 512
Subarrier Spaing 15 KHz
Useful Subarriers 300
Subframe Length 1 ms
Cyli Prex Normal
Physial Resoure Bloks 25
Channel 8-tap Rayleigh Channel Model
Delay Spread 1e-6 seond
Channel Estimation Real & Ideal
Deoder Max-log Map
MCS 0 - 22
abstration just one during the exeution of the simulations. But instead
we hose to save the estimates of hannel realization and neessary infor-
mation from these simulations as a hannel trae into an external le whih
an be used for further analysis. This way the trae les an be easily used
for experimenting on the dierent aspets of PHY abstration and for future
referenes. Therefore, from these simulations we saved the trae les on-
taining eah of the hannel realization, its orresponding BLER and other
parameters neessary for the PHY abstration. Then we applied both of the
ESM PHY abstration shemes on the saved hannel realizations and tried to
map the instantaneous BLER onto pre-omputed AWGN urves. The om-
plete algorithm for generating the trae les from the link level simulations
for eah of the MCS is given in Algorithm 1 [42℄.
3.4.2 Suient number of Channel estimates for Trae Files
An important aspet while saving the hannel trae le from link level simu-
lations is the ardinality of it. That is how muh number of hannel estimates
are suient enough to perform an eient PHY abstration. With the as-
sumption that the hannel stays onstant for the duration of 1ms, i.e. for
a subframe still it is required to have 1200 estimates for the bandwidth of
20MHz. However this number an be further redued by utilizing the intel-
ligent struture of ell-spei referene symbols (CRS) whih are used for
hannel estimation in LTE. They are very optimally and intelligently plaed
in a diamond shape in eah of the subframe so that even the most simple
linear interpolation both in time and frequeny domain is enough for esti-
mating the hannels on other subarriers. For this reason we store these
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Algorithm 1 Algorithm for the Generating the Trae les from Link Level
Simulation for PHY Abstration
for c = 1 : 1 : Nch (loop over hannel realizations) do
Generate hc (and if required) pc
for j = 1 : 0.2 : J(loop over SNR points) do
e = 0 (for instantaneous error rate)
for k = 1 : 1 : K (i.i.d AWGN realizations) do
Generate zk of variane σ
2
j
Perform LTE transeiver operations
Calulate deoding deision: BLER (hc, zk)
Update e = e+BLER (hc, zk)
end for
Calulate BLER
(
hc, σ
2
j
)
= e
K
Store BLER
(
hc, σ
2
j
)
to an external trae le
Store SNRj , σ
2
j to an external le
if BLER
(
h
†
c, σ
2
j
)
≤ 1e−3 then
break SNR loop
else
Set SNRj+1 = SNRj + 0.2
end if
end for
Store hc (and if required) pc to an external trae le
end for
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CRS hannel estimates for the validation of PHY abstration. There are
two subarriers for eah antenna port in a PRB whih means that for the
bandwidth of 5MHz we store 2 × 25 = 50 estimates for SISO transmission
and 4× 25 = 100 estimates for MISO transmission.
Figure 3.7: Symbol Referene Signals (SRS) with NCP used for the hannel
estimation in LTE. For antenna port 0,1 on the left side and for antenna
port 0, 1, 2 and 3 on the right.
3.4.3 PHY Abstration without Adjustment Fators
To nd out the importane of adjustment fators rst we assumed that
β1 = β2 = 1, i.e., there are no adjustment fators in (3.4). With suh
an assumption it is expeted that the PHY abstration employing normal-
ized mutual information funtions as information measure in (3.4) from (3.8)
should be ne. This is due to the reason that γ
e
obtained from these nor-
malized mutual information funtions already orresponds to an averaged
normalized BICM hannel apaity and hene there is no need of any ali-
bration of the adjustment fators. But for the ase of EESM the alibration
must be performed beause it is an approximation of the normalized BICM
hannel apaity and very likely it might deviate from the atual value. The
deviation an be alulated as a mean squared error value either between
the simulated BLER points and predited BLER points, i.e.,
MSE =
1
NchJ
Nch∑
c=1
J∑
j=1
∣∣
BLER
(
hc, σ
2
j
)− BLER
A
(γeff)
∣∣2
(3.10)
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or between the predited SNR obtained for the BLER
(
hc, σ
2
j
)
from referene
AWGN urves and the γ
e
for urrent hannel realization
(
hc, σ
2
j
)
, i.e.,
MSE =
1
NchJ
Nch∑
c=1
J∑
j=1
∣∣γ
A
[
BLER
(
hc, σ
2
j
)]− γeff ∣∣2 (3.11)
where in (3.10) Nch is the number of hannel realizations, BLER
(
hc, σ
2
j
)
is
the blok error probability stored for the c-th hannel and j-th SNR point,
BLER
A
(γeff) is the predited blok error rate of the respetive AWGN urve
whih is based on the γ
e
. Whereas in (3.11) γ
A
[
BLER
(
hc, σ
2
j
)]
is the
predited SNR for c-th hannel and j-th SNR point from the link level sim-
ulation and γ
e
is the orresponding eetive SNR obtained from the ESM
PHY abstration shemes. In the rest of the hapter and thesis we shall use
the MSE from (3.11) for the validation purposes.
Table 3.3: Mean Squared Error (MSE) Values for PHY abstration of TM
1, 2 and 6 with Ideal Channel Estimation
MCS TM 1 TM2 TM6
MIESM EESM MIESM EESM MIESM EESM
0 0.00845 0.00800 0.01912 0.01969 0.02806 0.02882
1 0.12780 0.11079 0.03062 0.01256 0.03062 0.03238
2 0.21208 0.15241 0.02068 0.01256 0.01607 0.01055
3 0.01569 0.00972 0.03522 0.02004 0.05067 0.02757
4 0.08193 0.02743 0.04810 0.02230 0.03330 0.01646
5 0.21651 0.05721 0.09664 0.04887 0.13142 0.06498
6 0.31502 0.09233 0.23345 0.10487 0.14630 0.07249
7 0.44880 0.11138 0.16165 0.08041 0.28938 0.12268
8 0.58452 0.08906 0.32268 0.11236 0.31194 0.12487
9 0.89817 0.13383 1.02994 0.33643 0.73582 0.26321
10 0.07188 0.36218 0.10805 0.08999 0.11431 0.15981
11 0.09870 0.52267 0.14731 0.06849 0.12385 0.12216
12 0.17014 0.88513 0.14099 0.21051 0.18981 0.29276
13 0.29681 2.02549 0.32245 0.49950 0.19109 0.43130
14 0.51801 1.83117 0.48831 0.45092 0.42177 0.62784
15 0.47026 3.23903 0.93283 0.59642 0.71872 1.12717
16 0.55302 3.37197 0.58283 1.16952 1.05429 1.31727
17 0.28176 6.97156 0.59969 2.36247 0.42909 3.14923
18 0.51119 8.81638 0.57480 4.01219 0.62866 3.67671
19 0.91280 13.58936 1.14600 5.35963 0.69547 4.68949
20 0.69745 13.60889 1.66675 3.92301 1.10408 9.15578
21 1.05521 15.70319 1.91880 6.32198 0.95086 7.36687
22 1.88587 19.86025 2.08107 8.38557 1.97902 11.26809
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In Table 3.3 and 3.4 the MSE error values for the transmission mode 1, 2 and
6 are presented for a wide variety of MCS using both EESM and MIESM ap-
proahes for ideal and real hannel estimation. The results in Table 3.3 and
3.4 show that PHY abstration with no adjustment fators perform within a
reasonable amount of error range only in the ase of MIESM and transmis-
sion mode 1. For all other transmission modes and abstration tehniques,
the adjustment fator are neessary for the PHY abstration to be aurate
and have lower level of MSE even in the ase of ideal hannel estimation. For
MIESM this result is slightly dierent than the usual expetations where in
the literature it has been laimed that no alibration of adjustment fators
is required for the MIMO systems. The reason for a dierent result is that
in the MIMO ase the ombined LLRs of the reeived bits at the deoder are
the ombination of the bit quality reeived from dierent mutiple hannels
and when we are omparing this LLR with the SISO AWGN urves then
the predited BLER shall deviate from the measured BLER. Therefore the
alibration of adjustment fators for the ase of MIMO hannels has to be
performed even for MIESM in LTE systems.
Table 3.4: Mean Squared Error (MSE) Values for PHY abstration
(β1 = β2 = 1) of TM 1, 2 and 6 with Real Channel Estimation
MCS TM 1 TM2 TM6
MIESM EESM MIESM EESM MIESM EESM
0 0.03522 0.06557 2.0508 1.93288 3.02906 2.67547
1 0.09585 0.03805 2.91195 2.47222 2.91195 2.47222
2 0.14284 0.07841 2.0125 1.7958 2.29706 1.88138
3 0.10339 0.12498 2.24767 1.99516 2.28116 1.77651
4 0.01936 0.01988 1.93121 1.63873 1.99104 1.41858
5 0.06068 0.01805 2.2644 1.74546 2.23588 1.58335
6 0.13045 0.01644 2.26935 1.74087 2.15215 1.37451
7 0.212 0.02269 2.67041 1.65489 2.4042 1.35381
8 0.27117 0.02715 2.90936 1.88103 2.47615 1.35297
9 0.26503 0.05717 3.06781 1.64914 2.70605 1.11496
10 0.01307 1.42428 2.2695 0.72383 1.84343 0.49292
11 0.08988 2.05075 2.7936 1.13846 2.07848 0.41211
12 0.03862 3.21134 2.62477 0.55144 1.8545 0.60692
13 0.10495 4.76155 2.68578 0.56758 1.99882 0.85654
14 0.17942 4.7664 2.74274 1.03837 2.19197 2.06321
15 2.24155 6.36159 3.0917 0.74722 2.77398 1.59631
16 0.47506 7.77526 3.3929 0.75006 3.0259 2.71877
17 0.14298 11.24418 3.3967 2.96176 2.07854 2.50113
18 0.19349 14.25836 2.84884 1.95397 2.67095 4.0475
19 0.38208 23.36054 3.21012 4.38324 2.85916 6.40636
20 0.32888 27.36012 14.35266 4.37539 2.84957 8.63553
21 3.56453 29.30248 4.02345 2.68353 3.39659 8.22266
22 2.46121 33.54749 5.33967 4.2515 3.79212 9.94241
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3.4.4 PHY Abstration with Adjustment Fators
Due to the highly non-linear nature of the information measures used in
both ESM methods there exists no analytial formulation for the optimum
adjustment fators. Therefore the optimization on the adjustment fators is
performed numerially over the large data set obtained from the link level
simulations, i.e.,
(β1, β2) = argmin
(β1,β2)

 1
NchJ
Nch∑
c=1
J∑
j=1
∣∣γ
A
[
BLER
(
hc, σ
2
j
)]− γeff (β1, β2)∣∣2

 .
(3.12)
For the optimized values of β1 and β2, both of the ESM methods are applied
to the stored hannel trae from link level simulations. We also performed
the optimization (3.12) with the assumption β1 = β2. This means that there
is only one adjustment fator in (3.4) to ompensate for both oding and
modulation. This redues one degree of freedom (DOF) for the minimization
of the MSE in (3.12) but at the same time it also redues the omplexity of
the optimization problem. In the next subsetion we shall see what kind of
results are obtained for the mentioned transmission modes by using single
and dual adjustment fators with both ideal and real hannel estimation.
3.4.5 Results With Adjustment Fators
After alibration of optimum adjustment fators we applied both of the ESM
PHY abstration tehniques on the saved outputs of the link level simula-
tions. In the following setion, we provide the results for both ideal and real
hannel estimation in the ase of transmission mode 1, 2 and 6. Figure 3.8
shows the mean squared values obtained for EESM and MIESM for the ase
of single and dual adjustment fator optimization. It an be observed that
in the ase of ideal hannel estimation there is not muh of an improvement
in the MSE for using dual adjustment fators than using a single adjustment
fator. Also Figure 3.9 shows the values of both dual and single adjustment
fators and it an be observed that for the ideal hannel estimation there is
not muh dierene in the alibrated values of the adjustment fators and
thus the alibration of the single adjustment fator is suient enough for
reasonable
1
MSE.
We show the validation results orresponding to the disussed transmission
modes for the ideal hannel estimation, two adjustment fators and for EESM
in Figure 3.10, 3.11 and 3.12. It an be notied that the BLER points ob-
tained from link level simulations are very eiently mapped onto the re-
1
By reasonable we mean the MSE in dB should be so small that no two adjaent MCS
should be onfused with eah other. This an be observed in Figures 3.10, 3.11 and 3.12
that all BLER points are usually around the intended MCS urve.
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Figure 3.8: For Transmission Mode 1, 2 and 6 using ideal hannel
estimation, MSE for dierent MCS using EESM and MIESM with single
and dual adjustment fators
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Figure 3.9: For Transmission Mode 1, 2 and 6 using ideal hannel
estimation, omparison of single and dual adjustment fators for EESM
and MIESM
spetive AWGN urves. The reason for the low performane for higher MCS
is that in the ase of 64-QAM modulation the bits are unequally proteted
whih means that some of the bits have higher reeived SNR whereas in the
abstration methods all bits are treated as having equal reeived SNR.
However, for real hannel estimation, the results are slightly dierent and are
shown in Figure 3.13 and 3.14. It an be observed that the MSE in the ase of
single and dual adjustment fators is quite dierent and there is an improve-
ment in the auray of the model if the dual adjustment fators are used.
Also the optimum adjustment fators are dierent for all three transmission
modes and have to be alibrated very arefully. The reason for better results
with two adjustment fators in the real hannel estimation ase is that due
to the hannel estimation errors the mapping of s multi-state hannel onto
a single-state hannel an deviate from the predited AWGN performane
and the use of dual adjustment fators an provide better ompensation for
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Figure 3.10: LTE Transmission Mode 1 - EESM with two alibration
fators for MCS 0 - 22
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Figure 3.11: LTE Transmission Mode 2 - EESM with two alibration
fators for MCS 0 - 22
both oding and modulation.
Comparison of EESM and MIESM
Another interesting point shall be to ompare the performane of EESM and
MIESM to provide a fundamental rule for these ESM tehniques. Sine we
have performed extensive simulations with both of the methods, so it shall
be straight forward to ompare both of these methods with the same data
sets from the link level simulations. We applied both of the shemes on all of
the data sets for the disussed transmission modes with both real and ideal
hannel estimation. We show results for the real hannel estimation ase in
Figure 3.15 for a wide variety of MCS in terms of the obtained MSE after
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Figure 3.12: LTE Transmission Mode 6 - EESM with two alibration
fators for MCS 0 - 22
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Figure 3.13: For Transmission Mode 1, 2 and 6 using real hannel
estimation, MSE for dierent MCS using EESM and MIESM with single
and dual adjustment fators
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Figure 3.14: For Transmission Mode 1, 2 and 6 using real hannel
estimation, omparison of single and dual adjustment fators for EESM
and MIESM
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the validation of both ESM methods. It an be seen that if the adjustment
fators are properly alibrated then both of the ESM methods an provide
almost the same MSE. The results for the ideal hannel estimation are also
similar so we did not inlude them here. But in the end it an be stated
with ondene that with proper alibration of adjustment fators, both of
these methods perform equivalently. However, EESM has an advantage of
losed form expression for the alulation of eetive SNR, making it easier
to implement.
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Figure 3.15: Performane omparison of MIESM and EESM for
transmission mode 1, 2 and 6 using real hannel estimation and dual
adjustment fators.
3.4.6 Global Optimality of Adjustment Fators
Finally the very important question arises about the global optimality of
the adjustment fators. It is of high interest to show that the alibrated
adjustment fators are globally optimal for eah of the MCS. For nding the
optimum values of the adjustment fators an initial value and, the maximum
and minimum values of the searh regions for β1 and β2 are hosen. The next
important thing is to hoose the step size and there is a tradeo between the
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Figure 3.16: Global optimality of the MSE optimization problem
omplexity and auray of the seletion. However we deided to hoose a
small step size of 0.05. Then the optimization problem of (3.12) is applied
over the saved data set from link level simulations for eah of the MCS and
the adjustment fators are swept from minimum to the maximum in given
step size and the MSE is alulated for eah value of both adjustment fa-
tors. Then those values of β1 and β2 are hosen whih give the minimum
MSE. Similarly for the ase of only one β value maximum and minimum of
β is hosen and the optimization of (3.12) is performed with β1 = β2 = β.
It is lear from the results shown in the previous setion that the hosen ad-
justment fators are optimum and provide the minimum MSE. But a lear
proof is provided with the help of Figure 3.16 whih shows the single al-
ibrated beta values over a wide range of dierent MCS using EESM. It is
lear that for all of the MCS there always exists only one optimum β value.
To make sure that there is no other minimum the funtion we inreased the
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maximum range from 10 to 100 and 1000. The results for these maximum
ranges are also shown in Figure 3.16 and it an be observed that there exists
no other minimum of the funtion. The similar proedure was performed for
dual adjustment fators and similar results were obtained for the alibrated
adjustment fators.
3.5 Summary
In this hapter we have presented the omplete methodology about the vali-
dation of the PHY abstration in LTE systems using OpenAirInterfae. We
have provided the detailed training and validation of PHY abstration with
the help of a link level simulator for dierent transmission modes of LTE
orresponding to dierent antenna ongurations. It was shown that with
proper alibration both EESM and MIESM perform equivalently and thus
anyone of them ould be used for the system evaluations. Furthermore, it
was shown that the alibration is a neessary step for the PHY abstration
to be aurate espeially in the ase of MIESM and multi-antenna ongu-
rations. In the end it was shown that the alibrated adjustment fators were
globally optimal and provided the minimal MSE values for all of the MCS. It
is very lear from the results that methodology is very aurate and indeed
an be diretly used for system level evaluations. Further in the Appendix A
we present the alibrated adjustment fators for the disussed transmission
modes whih an be used in system level simulators.
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3.A Calibration Fators and MSE
Tables 3.5, 3.6 and 3.7 represent the adjustment fators using EESM for
transmission mode 1, 2 and 6 respetively. Similarly Tables 3.8, 3.9 and 3.10
represent the adjustment fators using MIESM for transmission mode 1, 2
and 6 respetively. These adjustment fators are alibrated with real hannel
estimation.
Table 3.5: Transmission Mode 1 using EESM
MCS β1 β2 MSE β1 = β2 MSE
0 2.50200 2.52163 0.00614 3.17266 0.00638
1 0.84047 0.83231 0.01761 0.79766 0.01820
2 0.78195 0.77472 0.04481 0.74258 0.04521
3 1.37929 1.36536 0.10277 1.28672 0.10344
4 1.16871 1.16829 0.00872 1.16631 0.00872
5 1.11906 1.11186 0.00909 1.09287 0.00930
6 1.06303 1.06287 0.01086 1.06250 0.01086
7 1.07447 1.07292 0.01693 1.07041 0.01693
8 1.11403 1.09946 0.01178 1.07881 0.01252
9 1.09223 1.10650 0.01536 1.12725 0.01577
10 2.82502 2.79174 0.00852 2.68711 0.00925
11 2.87556 2.75655 0.00903 2.50146 0.01472
12 3.51254 3.36651 0.01189 3.08525 0.02212
13 3.62920 3.49011 0.01256 3.25283 0.01826
14 3.53638 3.60903 0.01445 3.74209 0.01637
15 2.35980 2.73517 0.36966 3.17852 0.44267
16 3.74126 3.84009 0.03952 3.99219 0.04159
17 8.66532 8.20312 0.02863 7.18301 0.03623
18 7.31772 7.41739 0.02724 7.57412 0.02817
19 9.86882 9.64081 0.03334 9.33271 0.03520
20 10.64939 10.40911 0.02605 10.09463 0.02807
21 6.75208 8.11765 0.34621 9.41289 0.44151
22 9.50664 10.41923 0.18020 11.28281 0.20101
56 Chapter 3 LTE Single-User (SU) SISO & MISO Systems
Table 3.6: Transmission Mode 2 using EESM
MCS β1 β2 MSE β1 = β2 MSE
0 0.92257 0.67252 0.00588 0.12139 0.42774
2 1.80445 1.28633 0.04400 0.19541 0.40069
3 1.43175 1.01624 0.07687 0.22090 0.66787
4 1.42093 1.03066 0.00394 0.23564 0.41717
5 1.37381 0.97590 0.00488 0.31299 0.41358
6 1.45392 1.02560 0.00378 0.42373 0.67791
7 1.47255 1.01840 0.00689 0.39258 0.58927
8 1.47451 1.00547 0.00476 0.32793 0.44468
9 1.41235 0.97093 0.00599 0.35654 0.70453
10 3.90797 2.72573 0.00579 0.79502 0.64950
11 3.38557 2.33283 0.00383 0.62441 0.95780
12 4.13059 2.86181 0.00507 0.90195 0.53634
13 4.93355 3.40452 0.00647 1.04883 0.56436
14 4.97277 3.47957 0.00629 1.57578 0.51257
15 6.04951 4.08916 0.00495 1.38467 0.56047
16 5.88896 3.97628 0.00737 1.49580 0.43234
17 8.68076 6.14541 0.03771 2.86875 0.54606
18 10.23746 7.11017 0.01246 2.53779 0.43182
19 12.37069 8.42369 0.01147 3.41221 0.65920
20 5.50538 4.04812 1.44425 2.79697 1.95872
21 17.29612 11.42082 0.03537 3.60771 0.66077
22 17.95050 11.57171 0.05672 5.14805 0.82959
23 13.27095 9.28462 0.28886 4.91787 0.66342
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Table 3.7: Transmission Mode 6 using EESM
MCS β1 β2 MSE β1 = β2 MSE
0 0.93374 0.66288 0.36439 0.22627 0.78530
1 1.40389 0.96402 0.31481 0.29404 1.05968
2 1.36670 0.98545 0.30117 0.33535 0.65842
3 1.38679 0.99386 0.20086 0.37646 0.67562
4 1.35707 0.99981 0.17879 0.42607 0.41506
5 1.26353 0.92678 0.16842 0.47217 0.55619
6 1.32360 0.98978 0.15541 0.53184 0.46950
7 1.40164 0.99600 0.12315 0.46357 0.62411
8 1.51843 1.05538 0.12167 0.37715 1.01992
9 1.34868 0.97777 0.09525 0.60176 0.40311
10 3.45839 2.52504 0.04816 1.00518 0.49288
11 3.13726 2.29338 0.03763 1.04209 0.40827
12 3.94768 2.89631 0.03385 1.27129 0.49046
13 4.21966 3.10812 0.02008 1.48730 0.53496
14 4.60750 3.41916 0.02074 2.04482 0.47580
15 4.97894 3.58671 0.02211 1.90596 0.41997
16 5.40755 3.84166 0.01947 2.26533 0.49488
17 8.12814 6.05254 0.01524 2.63701 0.36690
18 10.59221 7.45821 0.02309 3.11152 0.22210
19 12.96427 9.15812 0.01687 4.12158 0.36411
20 13.37323 9.66330 0.01314 5.12168 0.23121
21 14.27206 10.17852 0.01931 5.41904 0.52666
22 16.61779 11.50519 0.03512 6.00830 0.48425
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Table 3.8: Transmission Mode 1 using MIESM
MCS β1 β2 MSE β1 = β2 MSE
0 1.32955 1.36875 0.00750 3.03896 0.00692
1 0.59522 0.59304 0.01529 0.58398 0.01538
2 0.54024 0.53870 0.04302 0.53115 0.04306
3 0.98698 0.98239 0.10267 0.96904 0.10291
4 0.81305 0.81637 0.00876 0.83057 0.00889
5 0.76976 0.76847 0.00794 0.76484 0.00796
6 0.69258 0.69842 0.01057 0.71211 0.01115
7 0.69713 0.69885 0.01415 0.70156 0.01418
8 0.70546 0.69967 0.01018 0.69072 0.01050
9 0.69111 0.69826 0.01578 0.70918 0.01605
10 0.81904 0.82660 0.01075 0.89795 0.01100
11 0.72664 0.70559 0.01124 0.59902 0.01668
12 0.79491 0.78404 0.00600 0.73799 0.00764
13 0.72562 0.70670 0.00639 0.64326 0.01028
14 0.53980 0.55393 0.01129 0.59424 0.01521
15 0.33134 0.36893 0.57483 0.41836 0.63788
16 0.50550 0.52225 0.05330 0.55693 0.05762
17 0.40602 0.39752 0.02071 0.34561 0.02369
18 0.40281 0.40494 0.03708 0.41318 0.03733
19 0.47012 0.46239 0.01770 0.44160 0.01950
20 0.50510 0.49247 0.01558 0.45947 0.02003
21 0.23540 0.26900 0.60484 0.30762 0.69461
22 0.32045 0.34504 0.21285 0.37695 0.23012
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Table 3.9: Transmission Mode 2 using MIESM
MCS β1 β2 MSE β1 = β2 MSE
0 0.59632 0.43775 0.00573 0.07129 0.44339
2 1.08475 0.78208 0.04437 0.11787 0.41393
3 1.02431 0.72875 0.07511 0.13174 0.68835
4 1.07020 0.77458 0.00361 0.13994 0.43896
5 0.90170 0.64485 0.00491 1.08389 2.36940
6 0.97719 0.69174 0.00332 0.24629 0.69209
7 0.95464 0.66097 0.00547 0.23730 0.60609
8 0.92764 0.63289 0.00404 0.15742 0.53167
9 0.86721 0.59652 0.00572 0.19453 0.79222
10 0.85986 0.61175 0.00612 0.09531 0.71265
11 0.64558 0.44551 0.00284 0.07158 1.01123
12 0.80631 0.56047 0.00333 0.10332 0.56289
13 0.82673 0.57314 0.00231 0.11885 0.59614
14 0.82888 0.57553 0.00526 0.18916 0.58208
15 0.87122 0.58849 0.00359 0.15293 0.59291
16 0.77245 0.52159 0.00650 0.16621 0.45732
17 0.29771 0.21241 0.05151 0.07979 0.58986
18 0.43477 0.30139 0.00816 0.06855 0.46021
19 0.55321 0.37373 0.01569 0.09502 0.75149
20 0.61027 0.32029 4.12362 0.60449 11.94598
21 0.56111 0.37067 0.03984 0.10098 0.73146
22 0.57292 0.36706 0.06210 0.13730 0.88452
23 0.39737 0.27118 0.34545 0.26797 2.03803
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Table 3.10: Transmission Mode 6 using MIESM
MCS β1 β2 MSE β1 = β2 MSE
0 0.77532 0.54448 0.37079 0.14473 0.82650
1 1.07544 0.73731 0.32028 0.19150 1.11373
2 1.10571 0.79165 0.30696 0.21650 0.70072
3 1.04099 0.74407 0.20822 0.24180 0.71320
4 0.91638 0.68042 0.18665 0.27021 0.44771
5 0.88644 0.64906 0.17691 0.30068 0.60414
6 0.96405 0.71349 0.16751 0.32861 0.50532
7 0.86709 0.62109 0.14058 0.28271 0.65730
8 0.94066 0.65815 0.13443 0.22422 1.04442
9 0.84430 0.60940 0.10719 0.35410 0.44835
10 1.24478 0.90549 0.06235 0.13379 0.58910
11 1.09665 0.78708 0.05709 0.13506 0.47862
12 1.42604 1.03176 0.04578 0.16250 0.56541
13 0.79541 0.58431 0.03135 0.18564 0.61692
14 0.71847 0.53379 0.02877 0.26777 0.55334
15 0.71604 0.51224 0.02749 0.22578 0.48371
16 0.74561 0.52767 0.02642 0.27158 0.56280
17 0.36431 0.26848 0.02158 0.07578 0.45022
18 0.41536 0.29642 0.03314 0.08809 0.26089
19 0.52175 0.36879 0.01865 0.11836 0.43116
20 0.47096 0.34148 0.01721 0.14600 0.25952
21 0.49977 0.35279 0.01950 0.15439 0.60924
22 0.59728 0.40633 0.04522 0.16816 0.58094
Chapter 4
LTE Multi-User MIMO with
Interferene Aware Reeiver
4.1 Introdution
In this hapter we study the PHY abstration for interferene limited sys-
tems and advaned reeiver algorithms. This is a hallenging task espeially
for MIMO ommuniations. MIMO ommuniation provides a linear gain
in the apaity of a system proportional to the minimum of the number of
antennas at the transmitter and the reeiver without having to atually in-
rease the bandwidth or power [43℄ [44℄. MIMO systems generally fall into
two ategories, SU MIMO and MU MIMO [45℄. MU MIMO has several ben-
ets over the SU MIMO and inherently solves many of the main problems
of SU MIMO [46℄ [47℄. The main priniple in MU MIMO ommuniation
is that more than one user an be served using same time and frequeny
resoures thus inreasing diretly the spetral eieny and apaity of the
system.
However, the performane of MU MIMO mainly depends on the hannel
state information at the transmitter (CSIT) and the detetion algorithm
at the reeiver. Real life implementation of MU MIMO in LTE and LTE-
Advaned suers from multi-user interferene (MUI) due to the imperfet
CSIT and use of sub optimal single user detetion at the reeiver. It is
shown in [48℄ that for LTE release 8 MU MIMO does not meet the expe-
tations of theoretial gains beause of the extremely low resolution feedbak
for providing CSIT and beause of the design of transmit preoder's ode
book whih is based on equal gain transmission. This has been improved in
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the latest releases of LTE.
In the latest release of 3GPP there is an improved hierarhial odebook de-
sign for MU-MIMO whih provides better hannel separation for MU MIMO
users but due to the quantization of CSIT there remains a huge amount of
residual MUI in the system whih omes from a nite onstellation. There-
fore, use of linear reeivers is sub-optimal for the detetion in suh ases.
The optimal solution for this kind of interferene is to pre-anel the inter-
ferene at the transmitter using dirty paper oding [49℄ but it is not feasible
in pratial systems due to its huge omplexity and requirements on the
feedbak for the perfet CSIT. A good solution was presented in [50℄ where
the authors show that low omplexity optimal (apaity ahieving) interfer-
ene aware (IA) reeivers are feasible with implementable omplexity. This
kind of reeiver exploits some prior knowledge of interferene in deoding
proedure, i.e., in the ase of IA reeiver, it requires the knowledge about
the onstellation order of the interfering user. One this information about
the interferene is obtained, it exploits the struture of interferene in the
proess of detetion.
Although the gains oered by MU MIMO with improved odebook design
and IA reeiver are signiant on the single ommuniation link [51℄ the true
potential of suh reeiver is tested at system level. However, system level
evaluations normally require heavy omputations for extremely long dura-
tion of time due to the haraterization of the radio links between eah user
and the base station. The link level simulations of all suh links is the bottle
nek in these evaluations. Therefore, to redue the omplexity and duration
of system level simulations we need to have an aurate PHY abstration
model.
4.1.1 Related Work
Detailed literature review about the PHY abstration models has already
been given in previous hapter. An important work in the eld of MIMO
ommuniations was presented in [52℄ where the authors have presented a
semi-analytial performane predition model based on MIESM for iterative
MMSE-Interferene Canellation detetion and LMMSE semi-blind hannel
estimation. Their model heavily relies on the Gaussian approximation on
MMSE-IC and hannel estimation error. Furthermore, they presented the
results only for SU MIMO ase. Another important work was presented
in [53℄ for MIMO-OFDM systems with ML reeivers. Their model is also
based on a variant of MIESM (based on work by [19℄) and they model the
eets of hannel mismath and orrelation in the abstration model. They
show results for the rate ompatible puntured onvolution odes and dier-
ent MIMO antenna ongurations. There has not been muh work published
4.1 Introdution 63
about the PHY abstration of MU MIMO in the framework of LTE. To the
best knowledge of author there has been no work for the ase of interfer-
ene limited MIMO-OFDM systems employing turbo odes and espeially
for the MU MIMO in the framework of LTE. However, in [54℄ it was shown
by the authors how the onept of PHY abstration an be used for the
throughput alulation of dierent transmission modes in LTE with the help
of stored frequeny response of MIMO hannels. The results from [54℄ were
the motivation for us to extend the PHY abstration for the link-to-system
simulators.
4.1.2 Contributions
The most important feature of PHY abstration models is to be able to
not only apture the transeiver features very aurately but also be able
to provide high level of auray for the system level simulator. In this
hapter we investigate the PHY abstration with the help of MU MIMO in
great detail and improve the methodology presented in [55℄ both in terms
of omplexity and auray. We propose a novel mutual information based
interferene aware PHY abstration (IAPA) model for MU MIMO in LTE
when low omplexity IA reeivers are used. We show that the proposed
PHY abstration model is apable of exploiting the interferene and provide
aurate link quality indiator. For the omparison we show how standard
PHY abstration models an be used for interferene aware reeivers in LTE
and ompare their results with our proposed PHY abstration model. Fur-
ther, in this hapter we generalize the proposed PHY abstration model for
interferene limited senarios other than MU MIMO in LTE as well.
4.1.3 Organization
The hapter is organized as follows, Setion 4.2 presents an overview of MU
MIMO in LTE up to the latest release 10. In Setion 4.3 we present the
system model and expressions for the ahievable mutual information of QAM
onstellations under interferene for MU MIMO. In Setion 4.4 we disuss
how state-of-the-art PHY abstration models an be used for the IA reeivers
and present our proposed interferene aware PHY abstration (IAPA) model
for MU MIMO in LTE. In Setion 4.5 we explain how our proposed PHY
abstration model an be used for interferene limited senarios other than
MU MIMO in LTE. In Setion 4.6 we present results of PHY abstration for
MUMIMO in LTE using OpenAirInterfae platform for a frequeny seletive
hannel. Finally in Setion 4.7 we onlude the hapter with a summary.
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4.2 Multi-User MIMO in LTE
MU MIMO is supported in transmission mode 5, 8 and 9 and is disussed
next in detail for the dierent releases of LTE.
4.2.1 MU-MIMO in Release 8
In LTE release 8 MU-MIMO is only supported in the downlink transmis-
sion mode 5 where an eNodeB an shedule two UEs simultaneously using
the same time and frequeny resoures with single data stream i.e. rank-1
transmission. LTE release 8 was mainly designed to support the SU-MIMO
transmission and support for MU-MIMO was kept at minimum in it [4℄. Be-
ause of this reason there is no separate odebook for the preoding in down-
link transmission mode 5 and the system has to rely on the low-resolution
odebook-based preoding of transmission mode 4 (rank-1) whih was ini-
tially designed to provide a ompromise between performane and feedbak
overhead. The odebook P for two transmit antennas in LTE is given by,
P =
1√
2
{[
1
1
]
,
[
1
−1
]
,
[
1
j
]
,
[
1
−j
]}
(4.1)
The information about the preoder an be sent bak to the eNodeB in a
speial eld named as preoding matrix indiator (PMI). This PMI requires
two (for 2 antenna ports) to four (for 4 antenna ports) bits of feedbak from
the UEs and is reported for the whole bandwidth, i.e., wideband PMI. There
is no subband PMI in transmission mode 5.
The main dierene in transmission mode 4 and 5 in LTE release 8 is the
signaling of an additional power oset between PDSCH and the CRS. This
power oset is required beause the CRS in all releases of LTE are always
QPSK modulated and for the orret demodulation of the signals transmit-
ted by means of higher order modulation (16-QAM and 64-QAM), the UE
needs to know the power oset between the CRS and PDSCH. Of ourse
this relationship has to be rened if the transmission is performed with more
than one stream beause in that ase the oset shall orrespond to the power
oset between the CRS and per-layer PDSCH power.
For the ase of MU MIMO, the total power is also divided between the
transmissions to the o-sheduled UEs whih results in low PDSCH power
for eah transmission. Sine in release 8 the UEs are not aware of the presene
of the parallel transmission to the o-sheduled UEs so there is an additional
power oset of -3dB to be used by the UE in addition to the CRS/PDSCH
power oset signaled by higher layers. Sine there is just one additional -3dB
power oset dened in release 8, therefore, MU MIMO is limited to rank-1
transmission of two o-sheduled UEs in transmission mode 5.
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4.2.2 MU-MIMO in Release 9 and 10
The support for MU-MIMO was extended to transmission mode 8 and 9 in
further releases of LTE with user-spei demodulation referene symbols
(DMRS) [56℄. These referene symbols are initialized using only the ell
identity in order to enable the two orthogonally ode-multiplexed DMRS
ports to be used for dierent UEs (MU MIMO) as shown in Figure 4.1. The
orthogonal ode-multiplexed RSs are generated by means of length-2 Walsh-
Hadamard Orthogonal Cover Codes (OCC), i.e.,{(1, 1), (1, − 1)} whih an
be used for the transmission to two UEs in MU MIMO mode. For more
than two ports a pseudo random sequene is applied to the DMRS and the
plaement of these DMRS is shown in the LTE frame struture in Figure
4.2. The pusedo-random sequene is not terminal spei in the sense that
eah terminal has its own sequene. Rather there are only two sequenes
available and information on what pseudo random sequene is used for a
ertain DMRS to a ertain terminal is provided in the sheduling assign-
ment together with the information about OCC. This allows multi-stream
MU MIMO, rank-2 transmission in release 9 and up to rank 4 in release 10.
Figure 4.1: Demodulation Referene Signal struture for the ase of two
antenna ports
Another improvement for MU-MIMO in the latest releases is that the UE-
spei RS are preoded the same way as the data whih means that the
preoding for the MU-MIMO is more exible and an be deided indepen-
dent of the 3GPP speiations. Although MU MIMO in the latest releases
is also invisible for the UEs but at the same time nothing prevents a UE
from assuming that there are transmissions on the other layers orrespond-
ing to the other demodulation referene signals. In this ase UEs an apply
reeiver side signal proessing to estimate and suppress the potential inter-
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Figure 4.2: Demodulation Referene Signal struture for more than two
antenna ports
ferene. Further the feedbak is muh more rened in these releases and is
supported for subband and wideband reporting on the uplink.
An important improvement in latest releases of LTE is that the UE an
atually estimate the interferene hannel by applying the other OCC. Thus
the UE does not need to have any additional information in the ontrol sig-
nals about the preoder of the interferer and it an detet the presene of
other user by analyzing the energy of the interferene hannel.
4.3 System Model
MU-MIMO was rst introdued in LTE release 8 therefore to be bakward
ompatible we shall fous on transmission mode 5 in this hapter. But the
methodology presented in this hapter is also valid for the latest releases of
LTE. We onsider LTE small ell senario with a few users and the baseline
onguration of LTE for MU MIMO downlink hannel where an eNodeB,
equipped with nt = 2 transmit antennas, serves two single antenna UEs
(i.e., nr = 1) on the same time and frequeny resoure with a single data
stream. The reeived signal at UE-1 for n-th resoure element is given by
y1,n = h1,np1,nx1,n + h1,np2,nx2,n + z1, n = 1, 2, · · · , N
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where N is the number of total resoure elements, h1,n ∈ C1×2 symbolizes the
spatially unorrelated at Rayleigh fading MISO hannel from the eNodeB to
UE-1. Its elements an be modeled as i.i.d ZMCSCG random variables with
a variane of 0.5 per dimension. The z1 is ZMCSCG white noise of variane
N0 at UE-1. Complex symbols x1,n and x2,n are assumed to be independent
and of varianes σ2. These symbols belong to disrete QAM onstellations,
i.e., χ1,n and χ2,n respetively. p1,n and p2,n are 2× 1 preoder vetors
requested by UE-1 and UE-2 for the n-th resoure element, respetively.
The available preoders in LTE release 8 are given in (4.1). UE-1 selets
the preoding vetor p1,n whih results in the maximization of its desired
eetive hannel magnitude ||h1,np1,n||, i.e.,
p1,n = argmax
p∈P
{|h1,np|} (4.2)
and feeds it bak to the eNodeB for it to be sheduled. In the rest of the
hapter dependeny on the resoure element index n an be ignored, sine
the proessing is assumed to be performed on a resoure element basis for
eah reeived OFDM symbol.
4.3.1 Sheduler
There is no rule dened speially for the UEs to be sheduled in SU and
MU MIMO mode in the 3GPPs speiations. In general the sheduler
should serve the users in the MUMIMOmode on the downlink when it is pos-
sible to generate independent parallel hannels from ross oupled hannels
(i.e., eliminating multi-user interferene). This is only possible if the users
are sheduled with orthogonal preoders with respet to eah other whih
provides the spatial separation between the hannels of the o-sheduled
users. Therefore we assume that from the available set of users there exists
a seond UE who has asked for the sheduler p2 hosen on the priniple of
(4.2) and is orthogonal to the preoder seleted by UE-1, i.e. p1 = ⊥p2. For
example if UE-1 has seleted and asked for p1 = [1 q]
T
and UE-2 has asked
for p2 = [1 − q]T where q ∈ {±1, ±j} only then both of them shall be
sheduled for MU MIMO transmission. Using this approah it an be made
sure that eah UE is atually aware of the preoder of the interfering user
but the knowledge about the onstellation used for the UE-2 is still unknown
and it is shown in [57℄ that assuming the same onstellation as the desired
UE has negligible eet on the deoding performane. Therefore, we shall
use the same onstellation as the desired UE in rest of this hapter. Then
this extra information about preoder and onstellation an be exploited in
the detetion proess by the interferene aware reeiver.
In the following we assume that both of the o-sheduled users are served
with the same modulation order, i.e., χ1 = χ2. In LTE the hannel an
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be estimated at eah of the UE with the help of CRS also known as pilot
symbols and we assume ideal hannel estimation for pilot symbols at the re-
eivers. Then the eetive hannel at UE-1 an be represented by α1 = h1p1
and δ1 = h1p2. The signal reeived at UE-1 (on n-th resoure element) an
be represented as,
y1 = α1x1 + δ1x2 + z1. (4.3)
As explained in the previous setion that in the latest release of LTE, beause
of the orthogonal ode-multiplexing of the DMRS, the eetive hannel of the
interferer an be estimated at the desired UE. This means if a non-odebook
based preoding is used even then the preoder of the interferer an also be
estimated with the help of DMRS.
4.3.2 Interferene Aware Reeiver
Interferene aware reeiver is a low omplexity mathed lter (MF) based
maximum likelihood (ML) detetor whih redues one omplex dimension of
the system without introduing any suboptimality and is also haraterized
by exploiting the interferene struture in the detetion proess. In the
urrent senario there is MUI present in the system and the knowledge about
it an be exploited in the detetion proess. After the mathed ltering (4.3)
an be written as,
y′1 =
α†1
|α1|y1 (4.4)
= |α1|x1 + α
†
1δ1
|α1|︸ ︷︷ ︸
ζ1
x2 +
α†1
|α1|z1︸ ︷︷ ︸
z′
1
, (4.5)
where |α1| is the gain of the desired hannel and ζ1 is the interferene
for the desired user after mathed ltering. Note that the variane of z′1 is
still N0. To ompute the LLRs Λ we apply the lassial ML riterion with
subsequent Max-log approximation. Then the minimum distane λ is given
as,
λ = max
x1∈χ1,x2∈χ2
{
−||y1 − α1x1 − δ1x2||2
}
. (4.6)
With further simpliation we an obtain,
λ = max
x1∈χ1,x2∈χ2
{ − ||α1||2|x1|2 − ||δ1||2|x2|2 (4.7)
+ 2
[
R(y′1)R(x1) + I(y
′
1)I(x1)
]
+ 2 [|η1|R(x2) + 2|η2|I(x2)]},
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with
η1 = R(ζ1)R(x1) + I(ζ1)I(x1)−R(y′2) (4.8)
η2 = R(ζ1)I(x1) + I(ζ1)R(x1)− I(y′2) (4.9)
where y′2 =
δ
†
1
|δ1|y1, R and I represent the real and imaginary parts of the
signals respetively. Note that in (4.8) one omplex dimension is redued
on the searh of alphabets as the maximization beomes independent of the
sign of x2. The optimum values of the R(x2) and I(x2) an be obtained
by equating the derivative of (4.8) to zero. The omplexity an be further
redued when these expressions are derived for partiular onstellation. For
further details about the interferene aware reeiver struture the readers
are referred to [58℄.
4.3.3 Information theoreti View
The mutual information of UE-1 for nite size QAM onstellation with |χ1| =
M1 takes the form as
I (Y1;X1| |α1| , ζ1) = H (X1| |α1| , ζ1)−H (X1|Y1, |α1| , ζ1)
= logM1 −H (X1|Y1, |α1| , ζ1) (4.10)
where H (.) = −E log p (.) is the entropy funtion. The seond term of (4.10)
is given as
H (X1|Y1, |α1| , ζ1)
=
∑
x1
∫
y1
∫
|α1|
∫
ζ1
p (x1, y1, |α1| , ζ1) log 1
p (x1|y1, |α1| , ζ1)dy1d |α1| dδ1
=
∑
x1
∑
x2
∫
y1
∫
|α1|
∫
ζ1
p (x1, x2, y1, |α1| , ζ2)
× log
∑
x
′
1
∑
x
′
2
p
(
y1|x′1, x
′
2, |α1| , ζ2
)
∑
x
′
2
p
(
y1|x1, x′2, |α1| , ζ1
) dy1d |α1| dδ1 (4.11)
Note that onditioned on the hannel, the preoder is not random. So
there is only one soure of randomness i.e. the noise. So (4.11) an be
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I(Y1;X1| |α1| , ζ1, N0) = logM1 (4.12)
− 1
M1M2
∑
x
Ez′
1
log
∑
x
′ exp
[
− 1
N0
∣∣∣|α1| (x1 − x′1) + ζ2(x2 − x′2) + z′1∣∣∣2
]
∑
x
′′
2
exp
[
− 1
N0
∣∣ζ1(x2 − x′′2 ) + z′1∣∣2]
extended as
H (X1|Y1, |α1| , ζ1)
=
1
M1M2
∑
x
Ez′
1
log2
∑
x
′exp
[
− 1
N0
∣∣∣|α1|x1+ζ1x2+z′1−|α1|x′1−ζ2x′2∣∣∣2
]
∑
x
′′
2
exp
[
− 1
N0
∣∣ζ1x2 + z′1 − ζ1x′′2 ∣∣2]
=
1
M1M2
∑
x
Ez′
1
log
∑
x
′ exp
[
− 1
N0
∣∣∣|α1| (x1 − x′1) + ζ2(x2 − x′2) + z′1∣∣∣2
]
∑
x
′′
2
exp
[
− 1
N0
∣∣ζ1(x2 − x′′2) + z′1∣∣2]
where M2 = |χ2|, x = [x1 x2]T and x′ =
[
x
′
1 x
′
2
]T
.
Then the mutual information for nite QAM onstellation at UE-1 with
a non-Gaussian interferer is given in (4.12). The mutual information expres-
sions for UE-2 an also be derived similarly. In the rest of the paper we shall
use this MF based low omplexity interferene aware reeiver for MU MIMO
and present a novel PHY abstration model for suh a reeiver,
4.4 PHY abstration for Interferene Aware Re-
eiver
PHY abstration using ESM onsists of the three main steps as shown in
Figure 6.1.
• Information Mapping and Compression: This step is most important
as it selets the appropriate link quality metri depending on the re-
eiver type. Typial hoie is to use post proessed SINR. Then based
on the seleted link quality metri, an information mapping funtion
is hosen to transform the SINRs of eah subarrier to an informa-
tion measure. This information measure is then linearly averaged over
all of the subarriers for the given odeword, produing an average
information per symbol.
Wabs =
1
N
N∑
n=1
I
(
γn
β
)
(4.13)
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Figure 4.3: PHY abstration model for MU MIMO using Interferene
Aware reeivers in LTE
Where N is the number of subarriers in a odeword, γn is the post-
proessed SINR aross eah subarrier and I(γn) is a mapping funtion.
β is alled an adjustment fator and its true value is to be optimized
for eah MCS in LTE.
• Reverse Information Mapping: In this step a mapping funtion is se-
leted whih has one-to-one relationship between the average informa-
tion per symbol for the given odeword Wabs and the eetive SINR
γeff . This funtion is hosen very arefully as its sole purpose is to yield
the aurate γeff based on the Wabs so that the link quality indiator
from the AWGN performane urves an be seleted.
γeff = βI
−1 [Wabs] (4.14)
• Link Quality Mapping: This is the nal step of PHY abstration whih
provides us with the required link quality indiator. The input to this
step is γeff whih was alulated from reverse information mapping suh
that this γeff produes the same error rate as it would have produed in
the AWGN hannel onditions. So in this step we read the link quality
indiator as BLER based on γeff from previously omputed AWGN
performane urves of partiular MCS.
γeff → BLERAWGN(mcs) (4.15)
Now we desribe the two popular PHY abstration models very briey and
present our proposed interferene aware predition model in detail.
4.4.1 EESM
For the linear reeivers suh as minimum mean squared error (MMSE) or
zero foring (ZF), EESM [16℄ utilizes the post-proessed SINR for eah of
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the subarrier, but for the interferene aware reeiver post-proessed SINR is
not available. However, for interferene aware reeivers SINR after mathed
ltering of UE-1 for the n-th resoure element an be alulated as,
γ1,n =
|α1,n|2 σ2
|δ1,n|2 σ2 +N0
, (4.16)
where the α1,n and δ1,n ome from equation (4.5). Important thing to note
here is that the absorption of interferene into Gaussian noise is already
sub-optimal as the interferene is not Gaussian and the PHY abstration
will orrespond to a suboptimal solution in the ase of EESM. The mapping
funtion I(γ1,n) is alulated using Cherno union bound of error probabil-
ities, i.e.,
IEESM(γ1,n) = 1− exp(−γ1,n) (4.17)
and
I−1EESM(γ1,n) = − ln (1− IEESM(γ1,n)) . (4.18)
Then,
WEESM = 1− 1
N
N∑
n=1
exp
(
−γ1,n
β
)
, (4.19)
γeff = −β ln [1−WEESM] (4.20)
using (4.20) an eetive SINR (γeff) is alulated for the given odeword.
Based on this γeff the equivalent BLER from the pre-alulated AWGN per-
formane urves orresponding to the spei MCS is obtained and given to
the system level simulators.
4.4.2 MIESM
Similarly for MIESM the SINR for eah subarrier (γ1,n) is alulated us-
ing (4.16) for the interferene aware reeivers and the PHY abstration in
the ase of MIESM will also lead to the suboptimal solution as the inter-
ferene is absorbed into the Gaussian noise. In this ase the reeived signal
is y1,n = α1,nx1,n + z
o
1 with z
o
1 = δ1,nx2,n + z1. For this reeived signal the
approximations of mapping and the reverse mapping funtions ome from
the mutual information for disrete QAM onstellation I(Y1;X1|γ1,n) from
Chapter 2 (BICM Capaity) where χ1 is the set of the QAM onstellation
points with |χ1| =M1,n and it is assumed that zo1 ∈ CN(0, 1).
IMIESM (γ1,n,M1) = I(Y1;X1|γ1,n) (4.22)
Based on (4.22) mutual information for eah subarrier with γ1,n is alulated
and averaged over all subarriers to yield average mutual information per
symbol WMIESM for the given odeword.
WMIESM =
1
N
N∑
n=1
IMIESM
(
γ1,n
β
,M1,n
)
(4.23)
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But unfortunately the losed form analytial expressions for alulating the
mutual information of eah subarrier for a random hannel realization do
not exist so these are preomputed and stored in the form of LUTs. With the
help of these LUTs the mutual information for γ1,n an be obtained. Then
γeff is alulated using the reverse information mapping funtion whih is
also given by the same LUT based on (4.22).
γeff = βI
−1
MIESM [WMIESM] (4.24)
Finally using γeff , a link quality indiator is predited in the form of BLER
from the previously alulated AWGN referene urves for spei MCS to
omplete the PHY abstration using MIESM.
4.4.3 Interferene-Aware PHY abstration (IAPA)
Interferene aware reeivers use the knowledge of interferene in the detetion
proess by exploiting the fat that this interferene is oming from a nite
QAM onstellation. Therefore, it an not be onsidered Gaussian and SINR
from (4.16) is not an aurate link quality metri. The proper link quality
metri should be able to represent the eets of interferene in orret man-
ner. For this reason we propose to use a two dimensional link quality metri
whih onsists of signal-to-noise ratio (SNR: γo1,n) and interferene-to-signal
ratio (ISR: λ1,n) for the UE-1 aross all of its subarriers.
γo1,n =
|α1,n|2 σ2
N0
(4.25)
and
λ1,n =
|ζ1,n|2
|α1,n|2
, (4.26)
where the α1,n and ζ1,n ome from equation (4.5). For the information
mapping, the required funtion an be obtained from equation (4.12) whih
represents the mutual information of nite QAM onstellation under an in-
terferene. Based on the dened link quality metri γo1,n, λ1,n, modulation
order of the desired UE (M1,n) and the interfering UE (M2,n) mutual infor-
mation for eah subarrier an be alulated as,
IIAPA
(
γo1,n, λ1,n,M1,n,M2,n
)
= I(Y1;X1| |α1,n| , ζ1,n, N0). (4.27)
Unfortunately there are no losed form analytial expressions of IIAPA for
random hannels, therefore, the information mapping is performed with the
help of pre-omputed LUTs. To ompute these tables we performed Monte-
Carlo simulations of (4.12) over a wide range of noise and hannel realiza-
tions. For eah hannel realization a large number of noise realizations were
performed and a random set of α1,n, ζ1,n and orresponding mutual infor-
mation was obtained. Based on α1,n and ζ1,n, we alulated γ
o
1,n and λ1,n
74Chapter 4 LTE Multi-User MIMO with Interferene Aware Reeiver
for eah realization. We alulated the table for big enough realizations so
that the maximum variability of the hannel is aptured. As an example,
a graph of MI under interferene for QPSK-QPSK (onstellation of desired
and interfering signal respetively) is shown in Figure 4.4 where on the x-axis
is the SNR for the desired user, on y-axis is the ISR for desired user and on
z-axis is the mutual information. Then using these tables average mutual
Figure 4.4: Mutual Information of MU MIMO in LTE for Interferene
Aware Reeiver when the desired user and interfering user transmit using
QPSK onstellation
information per symbol WIAPA for the given odeword is alulated as,
WIAPA =
[
1
N
N∑
n=1
IIAPA
(
γo1,n,
λ1,n
β
,M1,n,M2,n
)]
. (4.28)
The important thing to note here is that only the λ1,n is adjusted with the
help of β. This is beause the average mutual information per symbol is af-
feted mainly from interferene and to transform a multi-state hannel into
one-state hannel only λ1,n is to be adjusted.
To selet the reverse information mapping we need to have a funtion whih
an provide us with a one-to-one relationship between the WIAPA and γeff .
Sine WIAPA has beome equivalent to the average mutual information per
symbol of one-state hannel, we an use IMIESM from equation (4.22) for the
reverse mapping funtion for alulating γeff .
γeff = βIMIESM (WIAPA) . (4.29)
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Finally this γeff is used to predit the required link quality indiator with
the assumption that the γeff produes the same error rate as it would have
produed in the AWGN hannel onditions. Suh that,
BLER(γo1,λ1,mcs) ≃ BLERAWGN(γeff ,mcs), (4.30)
where γo1 and λ1 represents the N×1 vetors of multi-state SNR and ISR for
UE-1 aross all of the subarriers of a given odeword. BLERAWGN is the
predited link quality indiator whih is read from the previously alulated
and stored AWGN link performane urves for a partiular MCS.
4.5 Appliation to Other Interferene-Limited Se-
narios
Proposed PHY abstration model for MU MIMO is also appliable to other
interferene limited senarios (e.g. [59℄) where the hannel of desired user is
signiantly disturbed by a very strong interferer. This an be senario for
the transmission mode 4 in LTE where the spatial multiplexing is performed
with two data streams. In suh a ase eah stream shall see the other stream
as an interferene of omparable strength and thus an not be assumed Gaus-
sian. If some apriori information is available about the interferene then the
IA reeiver an be used in suessive interferene anellation (SIC) [60℄
manner to remove the interferene from eah stream.
Other most probable vitims of non-Gaussian interferene are normally the
ell-edge UEs who reeive signiant interferene oming from the neighbor-
ing eNodeBs. One example is the ase of small ell networks in LTE where
there is a possibility that a UE onneted to the small ell is aeted by
the transmission to a neighboring UE by a maro eNodeB. In suh a sys-
tem the eNodeBs an share information about signaling and data over X2
interfae [61℄ (whih is over the air interfae between eNodeBs). Consider a
system with nr reeive antennas and nt transmit antennas. We assume that
nt = nr = R and the hannel is known perfetly to the UE and a quantized
CSIT is present at the eNodeB. In that ase the reeived signal for the n-th
resoure element at the desired user an be represented as,
y1,n = H1,np1,nx1,n +H2,np2,nx2,n + z1, n = 1, 2, · · · , N
where y1,n ∈ CR×1 is the reeived signal vetor, H1,n ∈ CR×R is the MIMO
hannel from the desired eNodeB to the desired UE , p1,n is the R×1 preoder
vetor for desired UE, x1,n is the omplex transmit symbol for the desired UE
and z1,n ∈ CR×1 is the irularly symmetri omplex white Gaussian noise
of double-sided power spetral density N0/R at R reeive antennas of the
desired UE. SimilarlyH2,n ∈ CR×R is the MIMO hannel from the interfering
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eNodeB to the desired UE , p2,n is the R × 1 preoder vetor from the
interfering eNodeB, x2,n is the omplex transmit symbol from the interfering
eNodeB. In LTE with the help of x2 interfae it is possible to share some
information between the neighboring eNodeBs and if the required values
from the interfering eNodeB an be estimated at the desired UE, then the
eetive hannel at the desired UE an be represented as α1,n = H1,np1,n,
δ1,n = H2,np2,n. So, after applying the maximum ratio ombining (MRC)
at the desired UE, the reeived signal at the desired UE an be rewritten as,
y1,n = α1,nx1,n + δ1,nx2,n + z1, (4.31)
y′1,n =
α
†
1,n
‖α1,n‖y1,n
= ‖α1,n‖x1,n +
α
†
1,nδ1,n
‖α1,n‖︸ ︷︷ ︸
ζ1,n
x2,n +
α
†
1,n
‖α1,n‖z1︸ ︷︷ ︸
z′
1
(4.32)
where ‖α1,n‖ is the gain of desired hannel, ζ1,n is the interferene for the
desired user after mathed ltering and note that the variane of z′1 is N0.
Note that the equation (4.31)-(4.32) have beome similar to the equation
numbers (4.3)-(4.5). We an use similar approah as in equation (4.12) for
nding the mutual information of nite onstellation at the desired UE un-
der this new interferene. The new expression will look the same as equation
(4.12) as the hannel and preoders are no longer random but known at the
desired UE.
To use these new mutual information expressions in our proposed PHY ab-
stration sheme, we need to generate new look-up tables with this expression
using Monte-Carlo method with huge number of noise realizations and han-
nel realizations in whih the hannels and preoders are seleted randomly.
After generating these tables one an use our proposed PHY abstration
model of setion 4.4 for interferene limited systems with interferene aware
reeivers.
4.6 Link Level Results
In order to train and test the proposed MU-MIMO PHY abstration model
for interferene aware reeivers, we used Eureom's OpenAirInterfae
1
(OAI)
link level simulator whih implements 3GPP LTE Release 8.6 physial layer
[8,9,62℄. We onsider the baseline onguration in LTE for MU MIMO, i.e.,
a dual antenna eNodeB ommuniates with two single antenna UEs during
same time and frequeny resoures. We onsider ideal PMI feedbak from
1
http://www.openairinterfae.org/
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Figure 4.5: AWGN Link Performane Curves in LTE with 5 MHz
Bandwidth with ideal hannel estimation
the desired UE and the sheduler always serves the seond UE with the PMI
orthogonal to that of the desired UE. The eNodeB an hoose from available
MCS 0-28 for both of the sheduled users and we onsider the ase when
both of the UEs are sheduled with the same MCS. In LTE MCS 0-9 orre-
sponds to QPSK modulation, MCS 10-16 orresponds to 16-QAM and MCS
17-28 orrespond to the 64-QAM modulation. Depending on the quality of
instantaneous hannel, dierent MCS an be used for eah new odeword
transmission. Before training and testing we performed AWGN link level
simulations for all MCS of LTE and stored these AWGN SNR-BLER perfor-
mane urves to be used for the predition of BLER during the optimization
of adjustment fator β. For ideal hannel estimation these are shown in Fig-
ure 4.5.
To perform PHY abstration of MU-MIMO (LTE transmission mode 5) we
hose 8-tap Rayleigh hannel with exponentially deaying power delay pro-
le and delay spread of 1µs, and spatial hannel model (SCM-C) [63℄ dened
by 3GPP with ideal hannel estimation. For eah MCS we performed link
level simulation for at least 100 dierent hannel realizations and during
eah of the hannel realization we simulated the system for 1000 pakets or
500 erroneous pakets. We saved the BLER and other required parameters
neessary for the optimization of β. The other parameters inlude the PMI
hoie and frequeny response of the hannel of both users for eah noise
variane of eah hannel realization. With these values and the proposed
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Table 4.1: Optimum Adjustment Fator for Proposed IA-PHY abstration
(IAPA), EESM and MIESM with Rayleigh8 Channel Model
MCS EESM IAPA MIESM
β MSE β MSE β MSE
0 0.03848 1.8341 0.86074 0.0119 0.02139 1.9504
1 0.04951 1.4313 0.83740 0.0204 0.02764 1.5691
2 0.06016 2.1970 0.84277 0.0132 0.03379 2.2876
3 0.07920 1.7999 0.82715 0.0211 0.04424 1.9462
4 0.11436 1.3322 0.82305 0.0477 0.06553 1.4761
5 0.12734 2.2127 0.80137 0.0391 0.07129 2.3181
6 0.15713 3.0461 0.78174 0.0272 0.08643 3.1748
8 0.23994 1.5500 0.74756 0.0606 0.13242 1.7050
9 0.29121 2.1796 0.73008 0.0675 0.16357 2.3413
10 0.37617 3.8321 0.56680 0.0703 0.20684 4.0761
11 0.43877 3.6632 0.55615 0.0920 0.24443 3.8987
12 0.51533 2.7203 0.56719 0.1457 0.30322 2.8469
14 0.80303 0.9866 0.57852 0.2406 0.45889 1.0935
16 2.19121 1.0701 0.56865 0.6383 1.31016 1.1305
PHY abstration for IA reeivers of Setion 4.4 we optimized β suh that
the error in predited BLER and measured BLER is minimum. We per-
formed this proess for the dierent MCS and just for the omparison we
performed PHY abstration using EESM and MIESM as well. The results
of optimization on adjustment fator and resulting minimum mean squared
error values (in dB) for both hannel models are given in Tables 4.1 and 4.2.
Further the Figures 4.6 and 4.7 show the obtained MSE after optimization
of adjustment fators using three abstration models. It is very lear from
the tables that our proposed PHY abstration model an ahieve lower MSE
from the other two standard models.
Figures 4.8 and 4.9 show the adjustment fators for both of the hannel
models and for all the three abstration models. It an be seen that the
adjustment fators are not muh dierent for the two hannel models but
dier greatly for eah of the abstration models. We further applied the
optimized adjustment fator β for the PHY abstration of a random hannel
realization from link level simulator and the results for that are shown in the
Figure 4.10 and 4.11 for both hannel models. It an be seen in Figures 4.10
and 4.11 that our approah is very well able to model the link performane
of instantaneous hannel realizations for the ase of MU MIMO in LTE when
interferene aware reeiver is used.
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Table 4.2: Optimum Adjustment Fator for Proposed IA-PHY abstration
(IAPA), EESM and MIESM with SCM-C Channel Model
MCS EESM IAPA MIESM
β MSE β MSE β MSE
0 0.04961 3.3405 0.60127 0.0938 0.00603 3.8158
1 0.06621 4.6060 0.59580 0.0909 0.00806 5.2005
2 0.08092 3.7155 0.57637 0.0554 0.00947 4.2507
3 0.10585 3.6542 0.56104 0.1177 0.01216 4.0918
4 0.12418 3.7941 0.55449 0.0692 0.01475 4.4151
5 0.15537 4.1740 0.53281 0.1268 0.01922 4.8997
6 0.18938 3.9669 0.53008 0.0862 0.02202 4.5980
7 0.24346 3.5132 0.51582 0.1734 0.02828 4.0398
8 0.26670 2.9021 0.51211 0.1967 0.03257 3.5648
9 0.33174 2.2297 0.51670 0.5066 0.04131 2.8009
10 0.35762 1.9734 0.54961 0.1030 0.04319 2.4685
11 0.42637 1.1665 0.53057 0.1123 0.05166 1.4775
12 0.54053 0.4647 0.54961 0.0615 0.06211 0.5887
14 1.19229 0.9616 0.53379 0.4411 0.14502 1.1358
16 2.35596 1.0314 0.52666 0.7720 0.29824 1.1985
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Figure 4.6: MSE for Rayleigh hannel model using dierent PHY
abstration models for MU MIMO in LTE
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Figure 4.7: MSE for SCM-C hannel model using dierent PHY
abstration models for MU MIMO in LTE
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Figure 4.8: Adjustment fator for Rayleigh hannel model using dierent
PHY abstration models for MU MIMO in LTE
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Figure 4.9: Adjustment fator for SCM-C hannel model using dierent
PHY abstration models for MU MIMO in LTE
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Figure 4.10: Result for Rayleigh8 hannel model: IA-PHY abstration of
dierent MCS for MU MIMO in LTE
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Figure 4.11: Result for SCM-C hannel model: IA-PHY abstration of
dierent MCS for MU MIMO in LTE
4.7 Summary
In this hapter we presented a novel model for inorporating the knowledge of
interferene along with the desired signal strength to predit the link perfor-
mane for the MU MIMO system level simulations in LTE when interferene
aware reeivers are used. We showed with the results with the link level simu-
lator that our proposed method is apable of prediting the link performane
aurately and outperforms other tehniques. We performed simulations for
the LTE physial layer for a wide variety of MCS and also preformed op-
timization of adjustment fator for eah MCS. We further showed how this
model an be used for the predition of link performane in interferene
limited senarios other than MU MIMO in reent ellular systems.
Chapter 5
LTE Inremental Redundany
HARQ
5.1 Introdution
Inremental redundany hybrid automati repeat request (IR-HARQ) sheme
[6468℄ used in reent wireless ommuniation standards suh as 3GPP LTE
provides higher benets in terms of system apaity and robustness. To map
these benets into system level evaluations is of ritial importane. Tradi-
tional PHY abstration tehniques are usually designed for a xed bandwidth
and do not present a generi solution for the variable bandwidth assign-
ment to the users. Therefore, in this hapter we propose two semi-analytial
methodologies for modeling IR-HARQ link performane in LTE for the sys-
tem level simulators. The proposed shemes allow the arbitrary bandwidth
assignments while at the same time redue the storage requirement for the
omplex operations of IR-HARQ PHY abstration.
5.1.1 Related Work
Modeling the performane of hybrid automati repeat request (HARQ) for
the PHY abstration has gained quite an attention from the researh om-
munity for its use in the system level simulators to redue the simulation
time and the omputational omplexity of the physial layer. However mod-
eling the information ombining from several HARQ rounds an be omplex
in the ase of inremental redundany (IR) HARQ where new additional re-
dundany bits are transmitted along with some of the previously transmit-
ted bits in eah HARQ round. In [42℄ the authors have presented method
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of simple HARQ (i.e. no IR-HARQ) modeling in the OFDM systems using
exponential eetive SINR mapping (EESM) and mutual-information based
eetive SINR mapping (MIESM). In [69℄ the authors have presented a re-
ursive method using EESM for HARQ modeling of an OFDM-based system.
An interesting work was presented in [70℄ where the authors showed that a
redued set of referene urves an be used for modeling the link perfor-
mane of HARQ in general. But their requirement of plaing the mutual
information of the reeived bits in to the virtual irular buer (repliating
the proess of rate-mathing) is a omputational overhead for the PHY ab-
stration. The onept of aumulated mutual information (AMI) for the
HARQ PHY abstration is presented in [71℄. In [72℄ the authors have used
the onept of AMI from [71℄ for the HARQ PHY abstration in LTE systems
with a xed bandwidth assignment.
5.1.2 Contributions
The limiting points in most of these approahes are that rst of all they
do not provide detailed analytial insight into the problem of modeling IR-
HARQ at system level then they do not address the ase of a variable band-
width (PRBs in LTE) assignment to the users. In this respet the presented
tehniques are only implementable for some spei bandwidth assignment
and for limited sope. Further these tehniques (exept [70℄) require a very
large number of referene urves for modeling the performane of HARQ
whih inreases the storage requirement for PHY abstration. However this
hapter presents simple, robust and eetive methodologies for modeling the
performane of IR-HARQ in the ase of an arbitrary bandwidth assignment
and also it uses a very redued set of referene urves. The further disus-
sions in this hapter are in the ontext of LTE but the methodology an be
applied to other ellular standards as well.
5.1.3 Organization
In the rest of the hapter Setion 5.2 presents the system model, IR-HARQ
and the objetive of PHY abstration in the framework of LTE. Setion 5.3
introdues the proposed bit level PHY abstration approah and Setion 5.4
presents the symbol level approah for inorporating IR-HARQ at system
level in LTE. Setion 5.5 explains how the number of referene performane
urves an be redued. Setion 5.6 presents the overall summary of the
proposed PHY abstration in bullet points and Setion 5.7 presents the link
level validation results of proposed symbol level methodology and Setion
5.8 onludes the hapter.
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5.2 System Model
In this hapter we onsider the baseline onguration of LTE, i.e., transmis-
sion mode 1, for the ase of possible HARQ retransmissions. The reeived
signal at the UE on n-th resoure element and the t-th HARQ round is given
as;
yn,t = hn,txn,t + zn,t n = 1, 2, · · · , N, (5.1)
t = 1, 2, · · · , T
where N is the number of resoure elements in a subframe, T represents the
maximum allowed HARQ rounds, hn,t ∈ C1×1 symbolize the at Rayleigh
fading SISO hannel of n-th resoure element from the eNodeB to the UE
in the t-th HARQ round. It an be modeled as independent identially
distributed (i.i.d) ZMCSCG random variable with the variane of 0.5 per
dimension. zn,t ∈ CN(0, N0) and xn,t ∈ χ with variane σ2u = 1 is omplex
symbol for the n-th resoure element and t-th HARQ round. χ is the set
of the QAM onstellation with |χ| = M points where M ∈ {4, 16, 64}. The
reeived SNR at n-th resoure element for t-th HARQ round is given by,
γn,t =
|hn,t|2.σ2u
N0
=
|hn,t|2
N0
(5.2)
IR-HARQ in LTE The reeived signal is demodulated and deoded at the
UE. If the signal is not deoded orretly then UE sends a not-aknowledgment
(NACK) signal to the eNodeB using physial uplink ontrol hannel (PUCCH).
On reeiving the NACK from the UE, eNodeB retransmits the paket using
the next redundany version. LTE has four dierent redundany versions
(RV) already introdued in Chapter 2 whih are reated by reading out the
bits from a dierent starting point in the virtual irular buer. Upon re-
eiving the retransmission, the reeiver ombines the signals from both of the
rounds (i.e., adds log-likelihood ratios (LLR) of the bits whih are repeated
in both rounds and updates the LLRs of the newly reeived bits) and tries
to deode again. If the paket is still not deoded orretly then another
NACK signal is transmitted and the eNodeB retransmits the paket using
next RV. This an go on until all of the four RVs have been transmitted.
5.3 Bit Level Modeling
For inorporating the IR-HARQ into system level evaluations, the main ob-
jetive of PHY abstration is to ast a multi-state frequeny seletive hannel
on to an equivalent single-state frequeny at hannel by aurately and e-
iently modeling the gains ahieved by employing IR-HARQ in LTE systems.
The abstration should be able to model the oding gain ahieved by trans-
mitting new parity bits in eah HARQ round and the reeived SNR gain
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beause of the repeated bits. Lets assume that after T HARQ rounds the
total number of reeived oded bits are C out of whih the uniquely reeived
bits are represented by Cu and the repeated bits are represented by CrT ,
then we are interested in nding an averaged mutual information for all of
the bits, i.e.,
I† =
1
Cu
Cu∑
c=1
I (γc) +
1
CrT
CrT∑
c=1
[
I
(
T∑
t=1
γc,t
)]
, (5.3)
where γc is the reeived SNR on c-th unique bit with c = 1, 2, · · · , Cu and
γc,t is the reeived SNR on the c-th bit and t-th round with t = 1, 2, · · · , T
and c = 1, 2, · · · , CrT . The next step shall be to nd γe suh that
γ
e
= I−1
(
I†
)
, (5.4)
γ
e
→ BLER
A
(MCS(r
e
)) , (5.5)
where I in (5.3) and I−1 in (5.4) is the normalized BICM mutual information
introdued in Chapter 3. An important point to note here is that before the
γ
e
obtained from (5.4) is used for reading equivalent BLER, we rst have to
obtain the AWGN performane urve orresponding to the ertain MCS and
the eetive ode rate r
e
after T HARQ rounds (BLER
A
(MCS(r
e
))). It
is only after obtaining the AWGN performane urves for the eetive ode
rate that we an map γ
e
on to an equivalent AWGN BLER.
But for an arbitrary ode rate this requires lots of urves to be obtained
before hand for eah of the MCS whih should be normally avoided for the
robust models. In this hapter we also propose a method for mapping the
arbitrary eetive ode rate on to a ode rate whih is usually referred as
mother ode rate whih orresponds to full irular buer before applying
any rate mathing in LTE. This redues the eort of alulating too many
performane urves and redues the storage requirement for PHY abstra-
tion.
Another important point to note is that for a very low ode rate trans-
mission in LTE, a ertain bit an be repeated many times even in a single
transmission and for HARQ transmissions this number an reah till 15. To
aount for all the tiny details it is important to alulate these numbers
from the rate mathing algorithm of LTE for all of the possible MCS and
four HARQ rounds. And then this information is utilized in the alulation
of I† in (5.3). The omplete details about this method are given in the
Appendix of this hapter.
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5.4 Symbol Level Modeling
Our primary goal of the HARQ modeling was to make it so simple and au-
rate that it an be easily implemented in system level simulators. Therefore
in addition to the bit level approah we propose another approah whih
works at the symbol level rather than bit level and inorporates the IR-
HARQ in LTE system level modeling. Symbol level modeling is a simple
approah of alulating the γ
e
in a suboptimal way and then adjusting the
eetive ode rate for taking into aount the eets of the bit repetitions
between dierent HARQ rounds.
This approah targets to model the IR-HARQ based on the available han-
nel symbols and it takes a rather sub-optimal approah at the alulation of
γ
e
. Due to the random interleaving in LTE it beomes extremely diult
to trak down the hannel symbols or subarriers on whih a ertain bit has
traveled in eah of the HARQ round and then to keep trak of the repeated
bits is only possible with the help of turbo deoder. Sine in PHY abstra-
tion we want to avoid the omplexity of turbo deoding itself therefore we
shall simply stak up the hannel symbols reeived in eah of the HARQ
round and alulate the γ
e
averaged over all rounds, i.e.,
γ
e
= I−1
[
1
N × T
N∑
n=1
T∑
t=1
I (γn,t)
]
, (5.6)
where I is the normalized BICM mutual information given in hapter 3.
This γ
e
is alulated in a way where the repetition for the bits is ompletely
ignored. But we propose to aommodate for the overlapped regions or
repeated bits in the alulation of eetive ode rate based on whih an
equivalent BLER has to be obtained. This is explained in the next setion.
5.4.1 Eetive Channel Code Rate
The eetive hannel ode rate after ertain HARQ rounds must be al-
ulated very arefully beause it should be able to reet the eet of the
repeated bits and the new bits after eah HARQ round. But again to keep
trak of all the bits for eah MCS and eah HARQ round is not a trivial
task. Therefore, for the sake of simpliity of the PHY abstration we pro-
pose to alulate the eetive ode rate as if there was no bit repetition in
the onseutive HARQ rounds and then we adjust it for the repeated bits.
The total ode rate with assumption of no bit repetitions after T HARQ
rounds an be alulated as,
rc,T =
∏T
t=1 rt∑T
t=1
∏T
s=1,s 6=t rs
. (5.7)
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where rt represents the hannel ode rate used in t-th round. For example
after the third HARQ round, we an obtain rc,3 using equation (5.7) as
rc,3 =
r1.r2.r3
r2.r3 + r1.r3 + r1.r2
(5.8)
It is important to note that rc,T does not onsider the bits whih are re-
peated in the onseutive HARQ rounds thus an not be used for the PHY
abstration. The reason is that it will over estimate the resulting BLER
obtained using γ
e
. This problem arises due to the inreased diversity of the
HARQ rounds over a new hannel in eah HARQ round and beause the
ratio of total bits transmitted over the total bits reeived shall be dierent
due to the partial overlapping. Therefore we need to adjust the eetive
hannel ode rate onsidering the number of repeated oded bits in eah of
the HARQ round. This an be aomplished by ounting the number of new
and repeated bits in eah of the onseutive HARQ round for eah of the
MCS. This information an be obtained from the rate mathing algorithm
of LTE and then stored in the PHY abstration module for the 29 dier-
ent MCS and 4 HARQ rounds in eah of the MCS. For a xed number of
resoure blok alloation to the users this approah does not pose a huge
burden on the PHY abstration module. However for the variable resoure
blok assignments, the transport blok size hanges in LTE and thus this
information about the repeated and new bits hanges as well. Whih means
that adjusting the rc,T for an arbitrary resoure blok assignment requires a
huge eort during the pre-proessing of the PHY abstration and also makes
the abstration more omplex in pratie.
To avoid this problem we propose rather a simple approah of not using
the number of repeated and new bits for the orretion of rc,T but the per-
entage of the overlapping region. The dierene in using the perentage and
the atual numbers is that in LTE the proportion of the overlapped region
is independent of the size of the TBS and is always relevant to the size of
the irular buer used in the rate mathing. This observation in LTE rate
mathing makes the portions of overlapped regions in the adjaent RVs inde-
pendent of the TBS whih is the funtion of PRB assignment in LTE. These
proportions of the overlapping regions in adjaent RVs an be alulated as,
ξ(MCS, T ) =
(∑T
t=1 (Nt)−NQ
)
∑T
t=1 (Nt)
, (5.9)
where Nt t = 1, 2, · · · , T are the number of bits reeived in eah HARQ
round and NQ is the total number of reeived bits in the turbo deoder after
T HARQ rounds. For example onsider the Figure 5.1 where the ase for two
HARQ rounds is depited. In Figure 5.1 N1, N2, NQ represent the number of
transmitted bits in the rst round, in the seond round and total number of
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reeived bits in the buer after 2 rounds respetively. Then the overlapped
region after two rounds an be alulated as,
ξ(MCS, 2) =
((N1 +N2)−NQ)
(N1 +N2)
, (5.10)
Figure 5.1: Overlapping of bits in onsuetive rounds
Figure 5.2: ξ(MCS, t) in the seond, third and fourth HARQ round for
MCS 0 and 9 for dierent PRB Assignment - It is lear that for dierent
bandwidth assignment the value of ξ(MCS, t) does not hanges
signiantly.
To show that ξ(MCS, T ) is independent of PRB assignment, we alulated
ξ(MCS, T ) over a wide range of PRB assignment for MCS 0 to 27 with
the help of LTE rate mathing using OAI link level simulator. Table 5.1
shows the mean and variane of ξ(MCS, T ) for the seond, third and the
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fourth HARQ rounds for MCS 0 to 27 over PRB assignment from zero to
twenty ve with the step size of two PRBs
1
. It an be observed that the
variane of ξ(MCS, T ) after eah HARQ round is extremely small and it is
always (almost) equal to its mean value. In Figure 5.2 we plot the value
of ξ(MCS, T ) for the dierent PRB assignments and for two dierent MCS.
Along the x-axis is the size of PRBs assigned to the UE and along y-axis
is the ξ(MCS, T ) for all four HARQ rounds. It an be seen that ξ(MCS, T )
does not hanges for dierent PRB assignments and remains almost onstant
over dierent PRB assignment. Sine it is observed from Table 5.1 that the
variane of ξ(MCS, T ) is negligibly small for all HARQ rounds therefore the
mean value of ξ(MCS, T ) an be used for all PRB assignments in LTE. For
inorporating the repeated bits in the alulation of the eetive hannel
ode rate ξ(MCS, T ) an be utilized as,
r
e
= rc,T + ξ(MCS, T ).rc,T (5.11)
and this r
e
is appropriate to be used for the PHY abstration as it inor-
porates the repeated bits for eah HARQ round. This was a very important
step in PHY abstration as it has to deide about the deodability of the
paket therefore it needs to be adjusted aordingly after eah HARQ round.
5.5 Referene Performane Curves
The seond step in the PHY abstration is to map the eetive SINR value
on to a pre-omputed additive white Gaussian noise (AWGN) performane
urves for eah type of MCS. These AWGN performane urves reet mainly
the turbo odes performane whih is highly dependent on the ode blok size
(known as transport blok size TBS in LTE). In LTE the TBS is a funtion of
the bandwidth assigned to a spei user whih is assigned in terms of PRBs
where eah PRB onsists of 180 KHz of bandwidth. LTE has the operating
bandwidth from 1.4 MHz to 20 MHz i.e. from 6 PRBs to 100 PRBs and there
are 29 dierent MCS available in the LTE. A user an be assigned minimum
of 1 PRB and maximum of 100 PRBs whih means that for the PHY ab-
stration it is required to have 100x29=2900 dierent AWGN performane
urves for all possible ombinations of PRB assignments and MCS. For the
IR-HARQ retransmissions this requirement is further inreased to aommo-
date the possible 4 HARQ rounds, i.e., the number of required performane
urves beomes 4x2900=11600. Please note, this number orresponds to the
ase when the same MCS is used for all of the IR-HARQ rounds. And this
number will be even higher when a dierent MCS is allowed to be used for
the retransmissions. Clearly this requirement is quite impratial and should
1
We show results till 25 PRBs as 5MHz is the maximum allowed bandwidth in our
LTE link level simulator.
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Table 5.1: Mean and Variane of ξ(MCS, T ) for IR-HARQ rounds using
variable bandwidth (PRBs 2-25)
MCS Round 2 Round 3 Round 4
Mean Var Mean Var Mean Var
0 0.173 0.00002 0.115 0.00001 0.086 0.00000
1 0.227 0.00019 0.151 0.00008 0.113 0.00005
2 0.275 0.00017 0.184 0.00007 0.138 0.00004
3 0.354 0.00017 0.236 0.00007 0.177 0.00004
4 0.432 0.00002 0.288 0.00001 0.216 0.00001
5 0.473 0.00004 0.351 0.00002 0.264 0.00001
6 0.374 0.00006 0.417 0.00003 0.313 0.00002
7 0.315 0.00001 0.420 0.00001 0.370 0.00002
8 0.290 0.00000 0.387 0.00000 0.420 0.00001
9 0.262 0.00001 0.349 0.00001 0.476 0.00002
10 0.476 0.00002 0.317 0.00001 0.238 0.00001
11 0.474 0.00001 0.351 0.00000 0.263 0.00000
12 0.397 0.00002 0.402 0.00001 0.301 0.00001
13 0.328 0.00000 0.438 0.00000 0.343 0.00001
14 0.307 0.00000 0.409 0.00001 0.386 0.00001
15 0.285 0.00000 0.379 0.00001 0.431 0.00001
16 0.269 0.00001 0.358 0.00001 0.462 0.00003
17 0.384 0.00005 0.411 0.00002 0.308 0.00001
18 0.349 0.00004 0.434 0.00002 0.325 0.00001
19 0.319 0.00000 0.425 0.00001 0.362 0.00001
20 0.302 0.00001 0.403 0.00001 0.396 0.00002
21 0.284 0.00001 0.379 0.00001 0.431 0.00002
22 0.268 0.00001 0.358 0.00001 0.463 0.00002
23 0.249 0.00001 0.333 0.00001 0.497 0.00001
24 0.232 0.00000 0.309 0.00001 0.463 0.00002
25 0.213 0.00001 0.285 0.00001 0.427 0.00002
26 0.195 0.00001 0.261 0.00002 0.391 0.00005
27 0.183 0.00001 0.245 0.00002 0.367 0.00005
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be avoided in order to generalize the PHY abstration for the variable PRB
assignment.
In our observation of the performane urves we found that for the variable
PRB assignment, the slope of the AWGN referene urve beomes dierent,
but for the ase of same PRB assignment the slope of the performane urve
remains onstant for all of the MCS. In other words, the referene urves
are shifted versions of eah other. We exploit this feature to redue the
number of required referene urves. In LTE three dierent modulations are
used; QPSK (MCS 0-9), 16-QAM (MCS 10-16) and 64-QAM (17-29). We
alulate the performane urve for eah of the mentioned modulation type
for the ode rate 1/3 (whih is referred as the mother ode rate rm). Then
it is required to alulate the aurate shift for the performane urve with
respet to the urrent MCS.
We propose to alulate the proper shift R in the referene urves with the
help of eetive hannel ode rate (r
e
) and the mother ode rate (rm). This
failitates the PHY abstration proess as it does not require any additional
knowledge. The shift in the performane urves translates to the gain/loss
in mutual information for the spei modulation sheme. Sine LTE air
interfae is based on BICM, therefore we use already available normalized
BICM mutual information for alulating the shift R in dBs as shown in
Figure 5.3.
R[dB] = IM
−1 (rm)− IM−1 (re). (5.12)
We use the fat that for the apaity ahieving hannel odes with long
enough ode blok size, the normalized mutual information and hannel ode
rate an be used interhangeably, therefore, using r
e
and rm we alulate
the dierene (or shift) in the performane of both ode rates. Then using
this dierene one an be diretly mapped on to another. In our approah we
alulate R and apply this to shift the referene urve orresponding to the
mother ode rate to obtain shifted performane urve whih we represent
by BLER
A,R
. Then this BLER
A,R
is used for the mapping of γ
e
on to
equivalent AWGN BLER, i.e.,
γ
e
→ BLER
A,R
(M) , (5.13)
where M represents the modulation of that spei MCS.
So far we have redued the number of required referene urves from 29 to
only three for a xed bandwidth assignment and now we shall extend this for
arbitrary RB assignment. The performane of turbo ode for an arbitrary
TBS (whih is a funtion of assigned RBs) is measured with an SNR-BLER
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Figure 5.3: Normalized BICM Mutual Information and alulation of Shift
with respet to the mother ode rate
based AWGN performane urve. For an arbitrary bandwidth/RB assign-
ment the SNR-BLER AWGN referene urve has variable slope. Ideally (for
a large TBS) the BLER urve looks like waterfall but for smaller transport
blok sizes it is not an immediate waterfall. To aount for this fator we
propose to use an oset ∆ (in dB) at the 10% of the BLER for eah type of
bandwidth assignment with respet to the maximum bandwidth assignment
as shown in Figure 5.4. Unfortunately for the dierent possible ombina-
tions of ode blok size and oding rate ∆ need to be alulated numerially
from the link level simulator and there is no analytial expression available
to alulate it. But the good point is that ∆ has to be alulated only one
and only for the ode rate 1/3. One it is alulated then the mother ode
rate for spei bandwidth assignment an be adjusted with respet to the
stored (maximum bandwidth assignment) referene urve, suh as,
rm = rmm +∆(NBRB) (5.14)
where rmm represents the referene urve for the mother ode rate orre-
sponding to the maximum number of assigned resoure bloks and∆(NBRB)
represents the oset for the NBRB assigned resoure bloks. It is lear that
by using our proposed approah the required number of AWGN performane
urves is redued from the ount of 11600 (orresponding to all possible om-
binations of PRB assignment and MCS) to just three whih is a signiant
improvement in state-of-the-art methodologies. This redues the storage re-
quirement for the PHY abstration. Moreover our proposed method an also
be used for the senarios when the retransmission for HARQ rounds is done
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Figure 5.4: Calulation of bandwidth dependent performane oset
using a dierent oding rate.
5.6 Summary
For the PHY abstration of IR-HARQ for variable bandwidth assignment it
is required to have
• 3 AWGN mother ode referene urves orresponding to the maximum
bandwidth assignment,
• Table 5.1 whih has ξ(MCS, t) values for all HARQ rounds,
• A table of ∆(NBRB) for dierent number of PRB assignment.
Then the following steps,
• Generate the frequeny seletive hannel for assigned bandwidth (for
eah HARQ round)
• Determine the reeived SINR aross eah of the resoure element and
aross eah of HARQ round
• Use (5.6) to alulate γ
e
using the reeived SINR from all HARQ
rounds
• Calulate r
e
using (5.11)
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Figure 5.5: Referene AWGN urves for LTE Systems using QPSK,
16QAM and 64QAM Modulations
• if the NBRB is dierent than max(NBRB) then apply ∆(NBRB) to
rm
• Calulate R using (5.12) and add it to rm
• Determine BLER orresponding to γ
e
from modied rm referene
urve
5.7 Results
For the validation of our proposed sheme, we used Eureom's OpenAirInter-
fae
2
link level simulator whih implements 3GPP LTE Release 8.6 physial
layer [8,9,62℄. We show the results for a highly frequeny seletive Rayleigh
hannel model with 8-taps and for the bandwidth assignment of 5 MHz.
The simulations are performed for a very large number of dierent hannel
realizations and for a very large number of noise realizations during eah of
the hannel realization. For HARQ we alulate the BLER based on all of
the previous transmissions and for eah retransmission we generate a new
hannel to provide the hannel diversity. The referene urves orresponding
to the mother ode rate are shown in Figure 5.5. These urves orrespond
to the ase when all of the 25 available PRBs are assigned to a user. Then
we apply the PHY abstration as summarized in Setion 5.6.
2
http://www.openairinterfae.org/
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Figure 5.8: LTE MIESM IR HARQ MCS 16 (16 QAM) For All Four
Transmissions
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Figure 5.11: Mean Squared Error (MSE) at 10% BLER points of Rayleigh
hannel model with respet to the shifted AWGN urves for dierent MCS
in LTE after 4 HARQ rounds
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Figures 5.6, 5.7, 5.8, 5.9 and 5.10 show the shift of mother ode rate referene
urve for dierent HARQ rounds for MCS 9, 10, 16, 17 and 25 respetively.
The solid line urve with stars orresponds to the mother ode rate rm and
the solid lines with irles are the shifted performane urves for eah round.
The points around the solid lines are the abstrated experimental BLER
points from the link simulator. We see from the results that the shifts for
eah round, i.e., Rt, t = 1, . . . 4 are very well alulated. Further in Fig-
ure 5.11 we show the mean squared error (MSE) at 10% BLER points of
Rayleigh hannel model with respet to the shifted AWGN urves for a wide
variety of MCS. It an be seen that the MSE is generally very small but
it is slightly higher for the last round in some of the ases. However if we
wish to redue the MSE further then it is only possible by performing the
optimization on the alibration fators of (5.6).
5.8 Conlusion
We have presented two novel IR-HARQ PHY abstration methodologies for
the variable bandwidth assignment in LTE where the former is simple, ro-
bust and requires low storage and the latter takes more systemati approah
towards obtaining more auray but is also little bit omplex. We showed
that if our proposed approahes are used then some of the important fators
required for the PHY abstration beome independent of the bandwidth as-
signment. Also we showed how the required number of referene urves for
the PHY abstration an be signiantly redued from 11600 to 3 with a
very small extra apriori eort. In other words our proposed models are very
robust, aurate and pratial. Further we showed with results that both
of the proposed methods are very well designed to model the performane
of IR-HARQ in LTE and provide very aurate shifts for the performane
urves.
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5.A Bit Level Approah
The detailed tehnique has been published in [73℄ and is attahed here for
the aess of reader.
Part II
Appliations
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Chapter 6
System Level Simulations
6.1 Introdution
In wireless ommuniations the evaluation of large sale systems with the
help of system simulators is of utmost importane. However, these simu-
lations have a high omputational omplexity and very long evaluation run
time due to the physial layer algorithms and the hannel model used. Many
system level simulators therefore rely on PHY abstration tehniques that
predit the performane of the PHY layer based on the urrent hannel state.
It was found with the help of proling in OAI system level simulator that
even for a simple system with just one eNodeB and one UE more than 82%
of the total simulation time and resoures were spent only on the PHY layer.
This is a huge overhead in terms of omplexity and time duration of large
system level evaluations. And for the evaluations of system performane in
even a medium sale simulations, i.e., with fewer eNodeBs and fewer UEs, it
an take months if simulated with full PHY proessing. Therefore, to redue
the omplexity and duration of system level evaluations it is required to have
a PHY abstration model.
The use of PHY abstration in system evaluations should provide four main
benets, 1) low omplexity and speed by replaing the omplete physial
layer proessing with a rather simple alulations using table look ups, 2)
salability in system evaluations by making it possible to evaluate huge sys-
tems with hundreds of nodes, 3) appliability in diverse use ases and nally
4) the most important is realism of providing the true link quality metri
as it would have obtained with full PHY proessing. So in this form PHY
abstration is an extremely valuable low omplexity tool for the large sale
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system evaluations as it provides the system simulator with the neessary
link quality indiator without atually having to ode and deode the pak-
ets. Moreover it an also be used for fast resoure sheduling and fast link
adaptation.
6.1.1 Related Work
In the open soure domain there are some simulators whih an be used for
the LTE system level evaluations by employing PHY abstration. We shall
like to mention Vienna system level simulator [74℄ whih is implemented on
MATLAB and an be used for LTE system level evaluations for dierent
antenna ongurations. Another interesting simulator is IMTAphy [75℄ from
Tehnial University of Munih whih is implemented in C++ and also sup-
ports multiple antenna transmission with MMSE and ZF reeivers. Then
there is LTE-SIM [76℄ from Tehnial University of Bari whih is also based
on C++ and nally the Network Simulator (NS) 3 [77℄ whih an be used
for LTE system level simulations.
6.1.2 Contributions
The limiting point in most of the open-soure LTE system simulators is that
their implementation of PHY abstration is not speialized for MISO/MIMO
hannels and they do not provide a framework where the performane of sys-
tem with and without PHY abstration an be validated with more than one
UE. Whereas this hapter presents a method of implementing the PHY ab-
stration shemes, presented in previous hapters, for dierent antenna on-
gurations in system level simulators and shows that the expeted benets
of low omplexity, salability, appliability and realism from PHY abstra-
tion are ahievable. We shall be studying the implementation proess by
taking Eureom's OpenAirInterfae as a ase study and show that it an
be used for salable system level evaluations of LTE with low omplexity
and greater exibility. We have implemented both EESM and MIESM PHY
abstration methods in the OAI system level simulator and both of them
provide similar results as we have used the adjustment fators whih were
alibrated in hapter 3. Eureom's OAI system level simulator is the only
open-soure simulator whih has highly optimized link layer implementation
as well so that it an be used in real time demonstrations. In the end we
provide results of system simulations with and without PHY abstration for
same senarios and show that PHY abstration is a useful tool for system
level simulations.
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6.2 PHY Abstration in OpenAirInterfae
In OpenAirInterfae the required parameters for large sale system simula-
tions are highly dynami and an be generated either by the speialized tools
whih are already inluded in the simulator, i.e., openair tra generator,
openair mobility generator et., or these parameters an be speied expli-
itly in great details for the spei senarios and evaluations in a senario le
whih an be given as an input to the simulator. The use of PHY abstration
in OpenAirInterfae system simulator is explained in Figure 6.1.
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Figure 6.1: PHY Abstration in System Performane Evaluation in
OpenAirInterfae
It an be seen from the Figure 6.1 that there are two important steps in any
evaluation using OpenAirInterfae, parameterization and proessing.
6.2.1 Parametrization
As the name suggests parametrization is used to dene the parameters for
running the simulation for example, the number of UEs and eNodeBs, trans-
mission mode, hannel model, mobility, tra generation, pathloss, seed for
random number generation et. Please note that parameterization is in-
dependent of the knowledge about the PHY abstration. So based on the
requirement a senario le an be generated with all the parameters dened
in it. After a senario le is generated based on the parametrization then the
deision of running the simulation either with full PHY or PHY abstration
an be taken by the simulator.
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6.2.2 Proessing
After the senario le is reated the simulator starts the main proessing and
during the initialization of OAI environment it generates hannel realizations
based on the dened senarios. Then with these hannel realizations the rest
of the proessing ontinues. It an be seen that in the ase of PHY abstra-
tion there is no oding, deoding or other omplex operations involved from
the transeiver hain at the physial layer (L1) only. The main output of
the physial layer is the information on the suess or failure of the deod-
ing of the odewords to the higher layers. In full PHY this information is
obtained only after performing all the reeiver's bloks whereas in the ase
of PHY abstration this is ahieved by prediting a link quality indiator in
terms of blok error probability from the instantaneous hannel realizations
aross all of the subarriers. To omplete the deoding in PHY abstration
mode a random number between 0 and 1 is generated to be ompared with
the obtained link quality indiator for taking the deision on the suessful
or unsuessful deoding. Finally the outome of this probabilisti experi-
ment is passed to the higher layers whih perform their tasks independent
of the knowledge that whether the deision ame from full PHY or PHY
abstration.
6.2.3 Implementation on System Simulator
The purpose of OAI in wireless researh is many fold. It an not only just be
used for the simulations but emulations and real time demonstrations as well
with an implementation of full LTE protool stak. OAI system simulator
has integrated link level simulator whih should be bypassed in the ase of
simulations with PHY abstration. Therefore, it is important to rst identify
the bloks whih have to be exluded from the simulation hain in the ase
of PHY abstration but still be able to obtain the neessary output of the
blok so that the higher layers are unaware of the fat that the simulation is
running with full PHY or with PHY abstration.
6.3 System level validation for Single User SISO
and MISO hannels
Link level results presented in previous hapters showed that our approah for
the ESM PHY abstration is very muh aurate and any of the two methods
an be used in system level simulators. However we have implemented both
of the ESM methods with the adjustment fators presented in the previous
hapters for the OAI system level simulator. The results presented in this
hapter are based on alibrated EESM approah. We wanted to show how
the link abstration an provide us with 1) low omplexity and speed 2)
salability 3) appliability and most importantly 4) auray. To show all
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these we performed system level simulations for dierent transmission modes
both with full PHY and PHY abstration with the same senario le.
6.3.1 System Model
The underlying senario onsists of a single ell senario with one eNodeB
and 4 UEs. The UEs are plaed around eNodeB in a random manner as
shown in the Figure 6.2. The UEs are at dierent distanes from the eNodeB
and there is no mobility for the UEs. The information on the hannel model
an be ongured in the senario les and in general we assume that small
sale fading between eah UE and eNodeB is based on tapped delay line
Rayleigh hannel model with 8 taps and the large sale fading is log normal.
There is tra only on the downlink and it is generated with the OAI tra
generator with full buer assumption. LTE DLSCH transmission mode an
be ongured in the senario le and it an be hosen as 1, 2, 5 or 6. The
eNodeB transmits with total power of 43dBm and the pathloss exponent is
seleted as 3.67. The other important fators for the system level simulations
are,
• Abstration is only implemented for the downlink shared hannel and
there is no abstration for uplink and Control hannels.
• Sheduler gives most of the resoures to the user with better CQI.
• Full Buer tra is produed and the eNodeB performs link adaptation
based on the CQI and an selet between ms 0-22 for the downlink
ommuniation.
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Figure 6.2: System model with 4 randomly plaed UEs
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Our main motivation was to show that the PHY abstration an provide all
the mentioned benets in system level simulations and we did not want the
implementation onits of protool stak to temper the results for our sim-
ulations so in the beginning we restrit the eNodeB to shedule just one UE
from the four available UEs. Then we ran the simulations for eah trans-
mission mode using PHY abstration and full PHY for the same senario
le. We performed the system level simulations for 1000 LTE frames and
for eah simulation we alulated both the aumulated averaged through-
put of system over given number of frames and the exeution time for eah
simulation.
6.3.2 Speed
To show that using PHY abstration is less omplex and speeds up the eval-
uation proess, we stored the exeution time for system simulations with and
without PHY abstration. We stored these times under Linux operating sys-
tems when there was no other appliation running but the simulation only.
We found out that simulations with PHY abstration took extremely shorter
time than those with full PHY proessing. The results are shown in Figure
6.3 for transmission mode 1, 2 and 6 for both ases; with PHY abstration
and with Full PHY. The transmission modes are marked along x-axis and
the simulation times are represented along y-axis. The blue bar represents
the total simulation time whereas the interesting part is the green bar (in
the middle) whih represents the atual time spent for the simulation.
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Figure 6.3: Comparison of simulation times for the transmission mode 1, 2
and 6 using PHY abstration and full PHY
The alulated speedup fators for the PHY abstration are presented in
Table 6.1 for all of the transmission modes. It is important to mention here
that the sheme whih we present here is atually fast enough to be used
for system evaluations in real time systems. We simulated 1000 LTE frames
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whih is exatly 10s in time domain but if we see the time it took for the
transmission mode 1 with full PHY then the real time testing of protool
stak is not possible even with a highly optimized PHY implementation in
OAI simulator. On the other hand the simulation time for PHY abstration
in transmission mode 1 is around 3.9 seonds, whih is feasible for the real
time system evaluations. An important point is that even in PHY abstra-
tion ase, still most of the time is spent on the initialization of the simulation
variables and on the generation of hannel realization for eah frame. This is
the reason that for the ase of transmission mode 2 and 6 the inrease in the
simulation time is observed in PHY abstration. This is beause, for multi-
antenna transmission, the system has to generate the hannel realizations
for eah transmit and reeive antenna pairs whih is more time onsuming.
However, the time for all transmission modes is, in any ase, less than 10
seonds whih means that the presented PHY abstration models are good
enough to be used in real time system evaluations.
Table 6.1: Simulation times for dierent transmission modes and speed up
fators
Time in seonds Speed Up
TM Full PHY PHY Abstration Fator
1 101 3.9 26
2 177 5.75 31
6 174 5.71 31
The speed up fators in the ase of OAI simulator are quite signiant but
still not as high as the ones reported reently in [78℄. The main reason is that
the PHY implementation in simulator used in [78℄ is not optimized and fur-
ther their simulator is oded in MATLAB whih is good for prototyping but
not good for real time demonstrations. Whereas the PHY implementation
in OAI simulator is extremely optimized, oded in C language and it uti-
lizes many low-level proessor instrutions espeially for the turbo deoder
implementation. But still the impat of the speed up by PHY abstration
is signiant as the time redution is huge. The results show that if a simu-
lation running with full PHY shall take around 30 days to nish then PHY
abstration an nish that simulation in just one day. This is a signiant
speed up of simulation.
6.3.3 Realims and Auray
The next important thing to demonstrate is the realism of abstration in
system level simulations. By realism we mean that the simulations with
PHY abstration should produe the results similar to the simulations with
full PHY when the random number generators are initialized using the same
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seed and same parameterization is used. This is shown by plotting the
aumulated average throughput of the system over a given number of frames
in Figure 6.4 for transmission mode 1, 2 and 6 respetively. It is very lear
that performane of both full PHY and PHY abstration is very muh lose
to eah other and provide the same system throughput. This is an amazing
result as not only the presented PHY abstration shemes are able to provide
a signiant speed in simulations but also they provide the same system
performane whih would have been obtained using the full PHY proessing.
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Figure 6.4: Comparison of aumulated average system throughput over
given number of frames for full PHY and PHY abstration with
transmission mode 1, 2 and 6
6.3.4 Appliability
To show that the proposed shemes have wide appliability we deided to
perform new simulations by sheduling 2 UEs and by running simulations
with dierent kind of available hannel models in OAI. Although we ali-
brated the adjustment fators in hapter 3 with Rayleigh hannel model but
to show that the same adjustment fators are appliable to wide range of
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hannel models we performed the simulations with dierent hannel models.
The results from these simulations of TM 1 with 8-tap Riean hannel, TM
2 with 8-tap Rayleigh hannel and TM 6 with single tap Riean hannel
are shown in Figure 6.5. It is lear that the alibrated fators for Rayleigh
hannel are also appliable to the other hannel models, giving rise to its
appliability. The main reason for the appliability is that in Chapter 3 the
alibration was performed over a very large number of hannel and noise
realization so that the adjustment fators an apture maximum variations
of the hannels.
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Figure 6.5: For 2 UEs, Comparison of aumulated average system
throughput over given number of frames for full PHY and PHY abstration
with transmission mode 1, 2 and 6
6.3.5 Salability
In the end we shall like to disuss that although we performed these simula-
tions with small number of users but still it shows the signiant advantages
of using PHY abstration over full PHY. To show that the salability of the
simulations an be enhaned greatly, we nally performed simulations by
sheduling all 4 UEs in the system for transmission mode 1. We present the
result in Figure 6.6 where it an be seen that the throughput of the system
is saling quite linearly as with the number of UEs in the abstration. This
an be observed that the throughput obtained in this ase is almost double
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than the throughput whih was obtained with the 2 UEs. As expeted this
simulation also took a small fration of time and resoures to generate these
results. In this respet it an be onluded that PHY abstration is an ex-
tremely valuable tool for large sale system evaluations. Further, it an be
easily inferred that in the ase of more UEs in the system, the gains ahieved
from PHY abstration will be even signiant while maintaining the realism
of evaluations.
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Figure 6.6: For 4 UEs, aumulated average system throughput over given
number of frames with PHY abstration for transmission mode 1
6.4 System level validation for Multi-User MIMO
The ase for MU MIMO is speial as in this senario more than one users
are assigned for the same time and frequeny resoures therefore we shall
present its results separately. After validating our proposed sheme on the
link level simulator we implemented it in the OAI system level simulator.
We performed the simulations for MU MIMO with two users whih have or-
thogonal spatial signature with respet to eah other from the system model
presented in previous setion. The hannel between eNodeB and eah UE
is a Riean hannel, i.e. there exist a diret line of sight between eah UE
and eNodeB whih is not a problem for MU MIMO but an advantage indeed.
In ase of more users in the system, the sheduler on the eNodeB selets those
two UEs to be served in the MU MIMO mode who have requested orthog-
onal preoders, otherwise it shedules only one UE and performs transmit
beamforming towards the sheduled UE [79℄. We performed the test for 400
frames and alulated both the throughput and exeution time for the simu-
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Figure 6.7: Average System Throughput for the Given MU MIMO
Senarion in LTE
lation. The results for instantaneous throughput on both UEs are shown in
Figure 6.8 and 6.9 whereas an aumulated average system throughput over
the given number of frames is shown in Figure 6.7. It is very lear from the
gures that our link predition model is very muh aurate and mathes
the full physial layer implementation very losely. The minor dierenes
in the throughput results are due to the fat that in the full physial layer
implementation, HARQ is performed for the pakets whih are not reeived
orretly during the rst round. Whereas the link predition model does
not take this into aount and it always treats the retransmission as a new
transmission. The speedup fator for the ase of MU MIMO was found to be
27 times and it is quite lear that using PHY abstration we an aurately
and eiently perform system level simulations.
6.5 Conlusion
In this hapter we have presented a omplete methodology of implement-
ing PHY abstration in a system level simulator and showed that the PHY
abstration is an extremely valuable tool for large sale system simulations.
We further showed that using PHY abstration an provide a huge amount
of speed in the simulation and thus an be used for an eient real time
performane evaluations without the loss of real transeiver performane.
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Figure 6.8: Instantaneous Throughput for the rst UE in the Given MU
MIMO Senario in LTE
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Figure 6.9: Instantaneous Throughput for the seond UE in the Given MU
MIMO Senario in LTE
Chapter 7
Comparison of LTE TMs using
Channel Measurements at 800
MHz
7.1 Introdution
This hapter presents another appliable senario in whih the onept of
PHY abstration an provide an insight to the problem at hand. The main
fous in this hapter is to show that how the PHY abstration an be used
to ompare the dierent transmission modes in rural areas at 800MHz. To
ompare the performane we used the hannel measurements whih were
stored during a measurement ampaign in the south of Frane for three dif-
ferent sites. Using these real life MIMO hannels we not only alulated the
performane metris of the transmission modes for whih the measurement
ampaign was performed but also extrapolated the results to the transmis-
sion modes whih were not validated during the measurement ampaign. The
measurement ampaign was onduted with Eureom's OAI testbed whih
implemented LTE PHY based on [8, 9, 62℄.
This testbed was based on LTE release 8 PHY layer and implemented trans-
mission modes 1 (single antenna - SISO), 2 (transmit diversity), and 6 (single-
user MIMO - losed loop rank-1 preoding) in real time. In addition to the
throughput reorded from the real modem, the raw hannel estimates were
stored and used for extrapolating the performane to transmission mode
5 (multi-user MIMO). This extrapolation was done by means of a mutual-
information based PHY abstration model that abstrats the performane of
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MU MIMO for an interferene aware reeiver proposed by Ghaar et al and
then the results are ompared with the performane of abstration to trans-
mission mode 2 and 6. The superior performane of MU MIMO mode (with
interferene aware reeiver) over other transmission modes is illustrated and
it is shown that if the hannel admits then even for lower spetral eieny,
MU MIMO is the preferred option.
7.1.1 Contributions
This hapter presents the OAI testbed, LTE hannel measurements along
with the orresponding results in 800 MHz band and then the omplete
methodology for omparing the results for dierent transmission modes in
LTE. The main goal of the measurement ampaign was to estimate the best
throughput ahievable by an LTE release 8 nomadi terminal in a rural 5
MHz LTE deployment at 850 MHZ. However, another interest was to om-
pare the eetiveness of dierent LTE transmission modes in rural deploy-
ments. This provides the fundamental guidelines for LTE deployment in the
rural areas. The OAI testbed had a 3 setor, dual RF high-power eNodeB
(LTE aronym for the base station) and one user equipment (UE) operating
at a enter frequeny of 859.5MHz. In addition to the throughput measure-
ments, raw hannel estimates were stored for further post proessing. These
measurements were taken in the TARN department in south-west Frane in
ollaboration with the Frenh spae ageny (CNES).
7.1.2 Organization
Rest of the hapter is organized as follows: in setion 7.2 we present Ope-
nAirInterfae testbed with its hardware, software omponents and some im-
portant parameters of LTE release 8. In setion 7.3 we present the mea-
surements desription. Then the methodology of using PHY abstration for
dierent TMs is presented in setion 7.4 and omparison of dierent LTE
TMs along with results is presented in 7.5. In the end setion 7.6 presents
the onlusions.
7.2 The OpenAirInterfae testbed
7.2.1 Hardware
The testbed equipment was based on the CardBus MIMO I (CBMIMO1)
1
platform developed by EURECOM, omplemented with additional RF equip-
ment to operate in the desired frequeny band.
1
urrently this ard is not being used but new versions of it with enhaned MIMO
apabilities are being used.
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Figure 7.1: Base Station Control Room
CardbusMIMO1
CBMIMO1 was a real-time two-way software-dened radio platform for dual-
antenna 5MHz hannels whih was onneted to a standard PC (Desktop or
Laptop) host through a PCI bus. Both TX and RX hains were handled on
the same ard. CBMIMO1 was apable of generating and reeiving arbitrary
5 MHz RF signals at 1.9 GHz, whih in this ontext should be seen as an
intermediate frequeny.
Base Station
The 3-setor eNodeB testbed equipment was built up of a host PC with
three CBMIMO1 ards, the RF onversion subsystem, the power ampliers
(PA) and the low noise ampliers (LNA) subsystem. The CBMIMO1 were
temporally synhronized via a logial interonnetion. The RF onversion
subsystem onverted the intermediate frequeny of 1.9 GHz to the arrier
frequeny of 859.6 MHz. For onduting the ampaign this equipment was
installed in the ontrol room beneath the mast (see Figure 7.1) whereas PAs
and LNAs were ontained in hermetially sealed enlosures and were o-
loated with the antenna on the mast (see Figure 7.2). The RF subsystems
were onneted with the PA/LNA subsystem through 30m long ables. The
total transmission power of eNodeB was 43 dBm per setor and the eNodeB
antennas were typial tri-setor antennas with dual (ross) polarized ports
per setor from Kathrein Sala (ref 840 21000).
User Equipment
The UE testbed equipment was also based on the CBMIMO1 ards, omple-
mented with an additional RF equipment to operate in the desired frequeny
band. For the UE, the CBMIMO1 ard was ongured for single-antenna
transmission and dual-antenna reeption, in line with the rst roll-out of
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Figure 7.2: Antennas with PAs on mast
Figure 7.3: UE with its antenna and GPS reeiver
ommerial LTE equipment. The transmission power was 23 dBm. The UE
antennas were the 800 MHz TETRA (from Panorama Antennas) vehiular
antenna xed to the vehile's body. Two suh antennas were used for reep-
tion and one for the transmission. Another antenna for a nomadi senario
(Laptop outdoors) was the Panorama dual-band antenna.
7.2.2 Implemented LTE subset
At the time of the measurement ampaign OAI testbed implemented a subset
of the 3GPP LTE release 8.6 with extended yli prex and fewer ontrol
hannels.
Charateristis The main harateristis of testbed were,
• Total bandwidth of 5 MHz Bandwidth with 25 Resoure Bloks
• TDD UL/DL Frame Conguration 3
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• Speial subframe onguration 0 (longest guard interval)
• Extended yli prex
• OFDMA Downlink
• OFDMA or SC-FDMA Uplink
• 2 TX antenna ports at eNodeB, 1 at UE
• TM 1, 2, 6
• Aperiodi wideband feedbak
• Link adaptation
• HARQ
DL Physial Channels The testbed implemented following downlink
physial hannels,
• Primary Synhronization Signal (PSS)
• Referene Signals (RS) (Pilots)
• Physial Broadast Channel (PBCH)
• Physial Control Format Indiator (PCFICH)
• Physial Downlink Control Channel (PDCCH)
• Physial Downlink Shared Channel (PDSCH)
UL Physial Channels And the following uplink physial hannels were
implemented,
• Physial Random Aess Channel (PRACH)
• Dediated Referene Symbols (DRS)
• Sounding Referene Symbols (SRS)
• Physial Uplink Shared Channel (PUSCH)
Current OAI implementation is almost ompletely LTE ompliant and whole
LTE protool stak is implemented. Also from the hardware point of view
there has been two more new ards designed whih have the apability to
perform 4x4 MIMO as well. These are alled ExpressMIMO1 and Express-
MIMO2.
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7.2.3 Ahievable PHY (oded) Throughput
In the LTE speiation of 5MHz there are 25 Physial Resoure Bloks
(PRB). In the extended yli prex onguration eah PRB onsists of
144 resoure elements (RE), giving a total of 3600 REs for 25 PRBs. On
the downlink, out of the 144 REs of one PRB 32 are used for ontrol signals
(PDCCH) and another 16 are used as ell spei referene signals (in the two
transmit antenna onguration) so the eetive REs for data transmission in
one PRB are 144-32-16 = 96. Sine there are 25 PRBs so the total number
of available downlink REs for DLSCH in one subframe beome 25 * 96 =
2400. This results in a maximum downlink throughput of 2.88 Mbps using
QPSK, 5.76 Mbps using 16Qam and 8.64 Mbps using 64Qam. Similarly eah
uplink subframe has 3600 RE, out of whih 600 are used for pilots and 300
for the SRS, leaving 2700 REs for the ULSCH. This results in maximum
uplink throughput of 1.62 Mbps using QPSK, 3.24 Mbps using 16Qam and
4.86 Mbps using 64Qam.
7.3 Measurements desription
The omplete details of the measurement ampaign are not relevant for this
thesis work but we shall try to provide the basi and neessary informa-
tion whih is required to understand the purpose of this work. For the
measurement ampaign, three ell-site loations were hosen in the TARN
department in south-west Frane: Cordes-sur-Ciel, Penne, and Ambialet.
The measurements overed the entire road network for eah of the sites us-
ing a vehile equipped with the test UE. The real-time throughput of the
test UE was measured with the OAI modem. Further the MIMO hannel
estimates with a omplete LTE frame information were stored at the UE and
the eNodeB for the realisti oine proessing in order to infer the ahievable
results with higher performane MODEMs.
We onduted measurements for both uplink and downlink transmission be-
tween the eNodeB and the UE. But our fous in this hapter shall be on
the downlink transmission. Further the measurement ampaign did last for
months and large amount of the raw hannel estimates were stored from
this ampaign. For this hapter we deided to hoose a very small subset
of the measurements from the database of hannel measurements in suh a
way that it allowed us to ompare the performane of even MU MIMO along
with other transmission modes. We took hannel estimates from the stored
measurements for two dierent traes and treated them as the hannels be-
longing to two independent and dierent UEs. These UEs were assumed to
be simultaneously present in the same ell area and ould be served either
using same time/frequeny resoures in the ase of MU MIMO or in multiple
aess manner for other transmission strategies. The two dierent traes are
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Figure 7.4: Traes used for the multi-user MIMO omparison
shown in gure 7.4 as blue and red points on the map. Important point to
mention is that we used only those hannel measurements for the DL where
the synhronization with the eNB ould be established.
7.4 BICM Throughput Calulation using PHY Ab-
stration
The alulation of the BICM throughput using PHY abstration uses a mod-
ied version of the MIESM methodology presented in [14℄ and [19℄. This is a
two step methodology as shown in Figure 7.5 whih onsists of the modula-
tion model and oding model. Modulation model provides us with the ideal
throughput from the real hannel estimates based on the BICM onstrained
apaity alulation whereas the oding model aounts for the implementa-
tion losses whih inlude some other fators mentioned later in this setion.
7.4.1 Modulation Model
Modulation model provides us with the maximum BICM hannel apaity
for the partiular symbol and is reeiver dependent. Consider that the whole
bandwidth is alloated to only one UE or both of the UEs are simultane-
ously sheduled in subframe for MU MIMO. Denote with hj,i the hannel
measurement of one resoure element (RE) for one transmit-reeive antenna
pair (j, i). To alulate the BICM throughput for suh a subframe modula-
tion model applies the following 3 steps,
1. Calulate the SNR for eah RE based on the transmission mode and
the feedbak for eah hannel estimate in a subframe
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Figure 7.5: PHY abstration model for BICM Throughput Calulation
2. Calulate the best supported modulation sheme for this subframe
3. Calulate the BICM hannel apaity under onstraints of the sup-
ported modulation sheme
Step 1: Calulation of the SNR The SNR for eah of the RE is alu-
lated as,
TM 1 For transmission mode 1 it was alulated as,
γ =
nRx∑
i=1
‖ h1i + h2i‖2
N0i
, (7.1)
where N0i is the noise variane of reeive antenna i and nRx is the number
of RX antennas. Sine antenna onguration during measurement ampaign
is 2x2 on downlink and in transmission mode 1 the signal is repliated on
both of the transmit antennas so superposition of both hannels is onsidered
at the eah reeive antenna and then Maximal Ratio Combining (MRC) is
applied at reeiver to ahieve (7.1).
TM 2 For transmission mode 2 it was alulated as,
γ =
nRx∑
i=1
‖ h1i‖2 + ‖ h2i‖2
N0i
. (7.2)
In transmission mode 2 , two omplex symbols (i.e. s1 and s2) are transmit-
ted over two symbol times from two Tx antennas. In rst symbol time s1 and
s2 are transmitted through antenna 1 and antenna 2 respetively whereas
in seond symbol time −s∗2 and s∗1 is transmitted through antenna 1 and
antenna 2 respetively. This gives diversity order of 2 at eah of the reeive
antenna where both of the reeived hannels are onsidered distintively thus
giving rise in reeived SNR.
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TM 6 For the ase of transmission mode 6 it was alulated as,
γ =
nRx∑
i=1
‖ h1i + q ∗ h2i‖2
N0i
. (7.3)
In transmission mode 6 high SNR is obtained by using preoder q whih
fouses the transmit energy in spei diretion only, so the joint preoded
hannel is onsidered in (7.3). In ideal apaity alulation for transmission
mode 6, two methods of preoder alulation are onsidered. In rst method
the feedbak from UE is utilized and sum apaity is alulated, where as in
the seond method the optimal q whih maximizes the overall sum apaity
is alulated. Please note that q is seleted on subband basis in eah sub-
frame.
An important point to note here is that during the measurement ampaign
the power of the transmit antennas was not divided for the ase of MISO
transmission and same power was used for both of the transmission anten-
nas that is why we do not see a power saling fator in the denominator of
expressions (7.2) and (7.3).
TM 5 For the ase of transmission mode 5 we deided to use the interfer-
ene aware hannel and for the performane omparison of it we need not
only the γ but also the ISR (λ). The reasons for this are already explained
in Chapter 4 and the expressions for alulating the γ and λ are given as,
γ =
nRx∑
i=1
‖ h1i + q ∗ h2i‖2
N0i
(7.4)
and
λ =
nRx∑
i=1
‖ h1i − q ∗ h2i‖2
‖ h1i + q ∗ h2i‖2
(7.5)
Step 2: Calulation of the supported modulation sheme After
alulating SNR for eah of the transmission mode, Shannon apaity for
eah RE is alulated using the Shannon Capaity formula
C = log2(1 + SNR)
and average it over all the REs. We then hose the next possible modulation
order (out of QPSK, 16QAM, and 64QAM) above that value to see what
modulation sheme be supported. This step an also be thought of as ideal
link adaptation.
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Step 3: Constrained apaity alulation. For eah hannel estimate
and eah of the transmission mode, the BICM hannel apaity is alulated
using the onstrained apaity mutual information expressions presented in
Chapter 4 for MU MIMO and in Chapter 3 for other transmission modes.
These are available as look-up tables and an be used to read the BICM
hannel apaity for eah RE. Now using these LUTs and the SNRs we an
obtain the γ
e
suh that,
γ
e
= I−1
(∑
i
I(γi)
)
(7.6)
7.4.2 Coding Model
The mutual information urves are an upper bound that most advaned
implementation of an LTE modem an ahieve. In the above formulas the
following eets are ompletely negleted:
• Channel estimation and interpolation in time and frequeny.
• Deoding performane.
• All eets of the RF front end.
• The formulas assume a perfet rate adaptation and a perfet feedbak
loop.
In order to ompensate for some of these eets we have arried out simula-
tions with our modem implementation in an AWGN hannel and alulated
throughput as a funtion of blok error rate (BLER) and SNR. In order
to obtain the throughput as a funtion of the SNR, we rst alulate the
throughput per MCS as a funtion of SNR with the help of BLER and
transport blok size (TBS),
TMCS(SNR) = (1− BLERMCS(SNR))TBSMCS. (7.7)
Assuming ideal link adaptation, the total throughput is given by hosing the
maximum throughput from all the MCS
T (SNR) = max
MCS
{TMCS(SNR)} . (7.8)
Figure 7.6 shows the ideal throughput in transmission mode 1 based on the
BICM mutual information (MI) and the throughput based on the simulation
results in equation 7.8. The dierene between abstrated and simulated
throughput is what we all the implementation loss. This implementation
loss has to be inorporated in the system throughput whih we shall alulate
and this an be done with the help of γ
e
obtained in previous setion.
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Figure 7.6: Throughput based in mutual information (MI) as well as on
simulation results for dierent SNR values in an AWGN hannel. The
dierene between the MI and the simulated results is alled the
implementation loss.
Using this γ
e
the implementation loss an be very easily alulated from
the dierene of mutual information and the simulated mutual information
in Figure 7.6 to obtain more realisti throughput. The loss in throughput an
be attributed to the eets of hannel estimation, deoding performane as
well as other implementation fators suh as limited auray due to the use
of xed point representations. Please note that oding model still assumes
perfet link adaption and neglets eets of the RF frontend.
7.5 LTE Transmission Modes Performane Com-
parison
We will be omparing the performane of the LTE TMs 1, 2, 5 and 6. To
ompare the performane of these TMs we estimate the sum throughput of
the ell whih onsists of two users, based on the raw hannel measurements
and the methodology outlined in this setion. Sine there are only two users
in the ell so when eNodeB will be in TM 1, 2 and 6, the sum throughput of
the ell will be equal to the throughput of the best user in terms of a ertain
quality metri whereas during TM 5 the sum throughput will be the sum of
the throughput of both the UEs.
7.5.1 Feedbak alulation
In LTE the feedbak onsists of a hannel quality indiator (CQI), a preod-
ing matrix indiator (PMI) and the rank indiator (RI). Two dierent feed-
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bak reporting modes exist: periodi, whih is transported over the PUCCH
and aperiodi, whih is enoded together with the PUSCH. Further, the
feedbak is lassied as wideband feedbak, eNodeB-ongured sub-band
feedbak (only in aperiodi reporting mode) or UE-seleted sub-band feed-
bak. In our implementation we hoose to always use the aperiodi reporting
mode with wideband CQI feedbak and sub-band PMI feedbak. In the LTE
5MHz onguration, the resoure bloks (RB) are grouped into 6 subbands
of 4 RBs and one sub-band of 1 RB.
In LTE release 8 with two transmit antenna ports at the eNodeB, the
PMI onsists of two bits that allow to hoose one of the following preoders
p = [1 q]T , q ∈ {±1, ±j}. Eah user alulates a PMI for eah subband
and eah reeive antenna aording to [50℄. Further, for every subband, the
reeive antenna with the stronger RX signal is determined and this infor-
mation is stored at the UE. When a subband PMI feedbak is requested by
the eNodeB, the UE reports the PMI of the strongest RX antenna for eah
subband.
CQI alulation The CQI alulation is based on the SINRmeasurements
at the eNodeB and indiates the highest MCS that the UE an deode with
blok error probability not exeeding 10%.
7.5.2 Sheduling and sum throughput
The sheduling proess depends on the seleted TM. In modes 1, 2, and 6,
the eNodeB serves only the UE with best hannel (in terms of SNR) whereas
for TM 5, the eNodeB shedules both UEs jointly only if both of the UEs
have asked for the orthogonal PMIs in that partiular subband via feedbak
otherwise it selets the UE with better CQI and enables the TM 6 for the
seleted UE i.e. it performs opportunisti MU MIMO along with single layer
preoding. This way we an see that how muh gain we get by opportunisti
MU MIMO in system throughput and we an ondut a fair omparison
between this mixed approah and pure transmission of TMs 1,2 and 6.
7.5.3 Link level abstration
In order to evaluate the performane of TMs we follow abstration method-
ology desribed in 7.4. For transmission modes 1, 2, and 6, the throughput
is alulated as a funtion of SNR whereas for transmission mode 5, the
throughput beomes the funtion of desired signal strength and interferene
strength.
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Figure 7.7: CDF omparison of sum throughput of the system with 2 single
antenna UEs and an eNodeB equipped with two antennas for dierent LTE
transmission modes using 4QAM
7.5.4 Results
We applied the proposed mutual information based abstration on measure-
ment data from traes shown in gure 7.4 for LTE TM 1, 2, 6 and oppor-
tunisti MU MIMO under the 16-QAM onstellation. Figures 7.7 and 7.8
show the df omparison of sum throughput of the LTE TMs and oppor-
tunisti MU MIMO under 4 and 16-QAM onstellations with one eNodeB
equipped with 2 antenna and 2 single antenna UEs in the system. For op-
portunisti MU MIMO eNodeB transmits to both UEs with equal power
whereas for other TMs the eNodeB serves only one UE with all of the avail-
able power. It an be seen that opportunisti MU MIMO transmission is
performing better than the rest of the TMs for high outage rates, i.e., the
peak throughput. However, for a 10% outage rate, the sum throughput of
MU-MIMO is less favorable. In Figure 7.9 we show the df omparison of
single user throughput using higher order modulation i.e. 64QAM and it an
be seen that TM 2 is only slightly better than TM 6 and TM 6 is about 0.5
Mbps better than TM 2 at an outage rate of 10%. Finally in Figure 7.10 we
show the df omparison of transmission mode 5 throughput for the ase of
the mixed interferene. It an be seen that when the interferene is oming
from the signal modulated with higher onstellation than the desired signal
then the throughput of the whole system is aeted.
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Figure 7.8: CDF omparison of sum throughput of the system with 2 single
antenna UEs and an eNodeB equipped with two antennas for dierent LTE
transmission modes using 16-QAM.
0 1 2 3 4 5 6 7 8
x 106
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Single User Throughput [bps]
P(
x<
ab
sc
iss
a)
CDF comparison of throughput of single user for LTE transmission modes using 64QAM
 
 
LTE Transmission mode 1
LTE Transmission mode 2
LTE Transmission mode 6
Figure 7.9: CDF omparison of the best seleted user throughput of a
system with 2 single antenna UEs and an eNodeB equipped with two
antennas for dierent LTE transmission modes when using 64QAM.
7.6 Conlusion 129
1 2 3 4 5 6 7 8
x 106
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
Sum Throughput [bps]
P(
x<
ab
sc
iss
a)
 
 
best Supported
QPSK−QPSK
QPSK−16QAM
16QAM−QPSK
16QAM−16QAM
Figure 7.10: CDF omparison of the dierent interferene levels for
transmission mode 5 of a system with 2 single antenna UEs and an eNodeB
equipped with two antennas.
7.6 Conlusion
We onduted the analysis of dierent LTE TMs in rural areas in 800MHz
frequeny band and applied MI-based PHY abstration to ompare their
performane in terms of the system throughput. We showed that how the
PHY abstration atually an be utilized in alulating throughput whih is
aurate for the real systems as well and is also less expensive as ompared to
the performing full edged measurement ampaigns. Further we showed that
it is advantageous to do opportunisti MU MIMO whenever it is possible as
it gives overall better throughput even when we restrit our results to only 4-
QAM. Important point to note is that we did not see a big dierene between
the performane of TM 2 and 6 in terms of throughput in rural areas whih
is mostly beause of overall power onstraint on the eNodeB side and the
mismath in the feedbak. Therefore it is not intelligent to prefer TM 6 over
TM 2 in suh a senarios.
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Chapter 8
Fast Link Adaptation
8.1 Introdution
This hapter presents a very important appliation of PHY abstration for
the fast link adaptation and eient sheduling of UEs in the LTE systems.
Based on the urrent hannel state it is possible to selet the modulation
and oding sheme to meet ertain quality of servie (QoS) requirements.
Lower-order modulation uses small number of bits for eah modulated sym-
bol. This an result in low bit rate but it is more robust and an tolerate
higher level of noise and interferene. Whereas higher order modulations an
provide higher data rates but are more prone to the noise and interferene
levels. Similarly seleting lower ode rates for bad hannels an improve the
deoder performane at the ost of loss in overall throughput and higher
ode rates an inrease the bit rate but at the expense of poor performane
of the deoder. This proess of seleting a valid ombination of modulation
and oding sheme based on the urrent hannel state is alled adaptive
modulation and oding (AMC). Fast link adaptation (FLA) in LTE is based
on AMC. FLA is the proess of seleting an appropriate MCS for the DL
ommuniation based on the hannel quality indiator whih is sent bak to
eNodeB from the UE. In LTE there are 29 dierent possible ombinations of
MCS and any one of these an be seleted for the DL transmission. But the
adaptation of these MCS is performed mainly on the feedbak from UE to
the eNodeB and CQI is one of the key omponents of this feedbak. CQI is
based on the reeived S(I)NR and the reeiver design. And in this hapter we
shall investigate the alulation of this CQI for the FLA and then sheduling
based on this CQI.
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8.1.1 Related Work
The onept of FLA is not new in LTE standard as it has been inluded
in WCDMA, HSPA and WiMax. There is plenty of researh material on
the topi of FLA for WiMax, HSPA and LTE systems. In [80℄ the authors
have presented a suboptimal method of seleting the feedbak at the UE
using ESM sheme and they have shown that both of the ESM methods
(EESM and MIESM) provide almost same kind of performane for the CQI
feedbak. Further they showed that using their joint RI and PMI feedbak
sheme, estimation errors have a huge impat on the performane of the
system. The reason for this is the joint seletion of RI and PMI. If the joint
feedbak is estimated with errors then the system ould take wrong deision
on the number of layers and the seletion of preoder whih an result in
the system performane degradation. In [81℄ the authors have proposed a
mean mutual information per oded bit mapping (MMIBM) riterion for
MIMO OFDM systems with the help of IEEE 802.11n and showed that it
performs slightly better than EESM and MIESM. In their work they also
showed that their proposed fast link adaptation provides gains in hannels
with smaller oherene time and they showed that the feedbak delay an
have serious impat on the system performane. In [82℄ the authors have
presented a survey on the sheduling issues of LTE and highlighted the fat
that the fany proposed sheduling and link adaptation shemes are in fat
either too muh ompliated to be implemented or take very long time for
the optimization of sheduling parameters. Therefore in this hapter we shall
provide a robust and pratial link adaptation approah whih is not only
easy to implement but also provides gain in the system performane.
8.1.2 Contributions
In LTE the CRS used for hannel estimation are the hannel symbols where
no data symbols are transmitted. These hannel estimates are used for the
alulation of CQI at the UE. The CQI alulation is based on the averaged
reeived SINR and the used reeiver type. This averaged reeived SINR an
be alulated either with simple arithmeti mean or using ESM approah of
PHY abstration. The latter approah gives more aurate CQI as it is able
to apture the frequeny seletivity of the hannel. However, as it was shown
in Chapter 3 that in ESM the adjustment fators are required for aurate
mapping and these are MCS dependent. For the hannel estimates of CRS
there is no MCS used so we an not use any adjustment fators. In this ase
we an still use the MIESM for SISO transmission (transmission mode 1) but
for other antenna ongurations MIESM has to be alibrated. However the
alibration an be avoided with MIESM using the AWGN urves whih have
been alulated espeially for those spei antenna ongurations whih are
under onsiderations. This is beause the AWGN urves shall already have
8.2 System Model 133
had aptured the eets of multiple ombinations of the reeived LLRs. For
this reason we propose to use AWGN referene urves orresponding to eah
antenna onguration for the alulation of CQI at the UE.
On the sheduler side, the mapping of CQI to MCS is also generally based
on the SISO onguration and in this hapter we propose to adapt it for
dierent antenna onguration as well so that the optimum MCS an be
seleted for urrent hannel onditions.
8.2 System Model
We onsider the transmission modes 1, 2, 5 and 6 in this hapter and the
omplete system models with reeived SNR expressions for all of these trans-
mission modes are given in previous hapters.
In LTE the feedbak onsists of CQI, PMI and the RI. It an be reported
either over the physial uplink ontrol hannel (PUCCH) in periodi manner
or over physial uplink shared hannel (PUSCH) in an aperiodi manner. In
the latter ase the feedbak is enoded together with the data. It is further
lassied in two ategories, wideband and subband feedbak. In wideband
feedbak there is only one indiator for the whole bandwidth whih results in
low overhead on the uplink hannel but is unable to ope with the eets of
frequeny seletivity. On the other hand the subband feedbak provide more
rene feedbak for a group of RBs but poses higher overhead of feedbak on
the uplink hannel. In this hapter we shall only onsider the wideband CQI
feedbak only but the proposed approah an be applied for the subband
CQI feedbak as well.
8.3 Proposed Link Adaptation
The proposed link adaptation is based on the CQI feedbak and on the per-
formane of dierent transmission modes. We shall provide the referene
AWGN urves for the performane mapping of dierent transmission modes.
The proposed link adaptation onsists of two steps, 1) seleting an appropri-
ate CQI on the UE side and feeding it bak to the eNodeB, 2) seleting an
MCS based on the fedbak CQI orresponding to the PDSCH transmission
mode. Both of these steps shall be disussed in the next setions.
8.3.1 CQI Calulation
The CQI is used to inform the eNodeB about the suitable MCS whih should
be used for the downlink transmission. This is a 4-bit integer value based
on the reeived SINR at the UE. The CQI estimation proess has to take
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Table 8.1: LTE CQI Table
CQI modulation rate x 1024 eieny Code LTE
0 out of range
1 QPSK 78 0.1523 0.076172
2 QPSK 120 0.2344 0.11720
3 QPSK 193 0.3770 0.18850
4 QPSK 308 0.6016 0.30080
5 QPSK 449 0.8770 0.43850
6 QPSK 602 1.1758 0.58790
7 16QAM 378 1.4766 0.36914
8 16QAM 490 1.9141 0.47852
9 16QAM 616 2.4063 0.60157
10 64QAM 466 2.7305 0.45508
11 64QAM 567 3.3223 0.53717
12 64QAM 666 3.9023 0.65038
13 64QAM 772 4.5234 0.75390
14 64QAM 873 5.1152 0.85253
15 64QAM 948 5.5547 0.92578
into aount the transmission mode in whih UE is sheduled and the type
of reeiver whih is used for the detetion. This is very important as for the
same SINR value the MCS supported by dierent transmission modes an
be dierent and therefore it needs to be taken into aount.
The CQI is reported by the UE whih measures the averaged reeived SINR
aross the entire bandwidth and then hooses the appropriate CQI suh that
the error probability for deoding at the UE is below 10%. In LTE standard
there are 15 useful CQI values for the dierent ombinations of modulation
and ode rate. These are shown in the Table 8.1 and the referene AWGN
performane urves for all MCS with a bar on 10% error rate is shown in
Figure 8.1.
The averaged reeived SINR an be alulated in many ways but the
aurate method shall be whih is able to apture the eets of frequeny
seletivity of the hannel. If the averaged SINR is alulated using the sim-
ple arithmeti mean of reeived SINRs aross the estimated hannel symbols
then it shall be unable to apture the frequeny seletivity aross the whole
bandwidth. It was shown in the previous hapters that γ
e
in PHY abstra-
tion is able to apture the eets of frequeny seletivity. Therefore, we
propose to use γ
e
as the averaged reeived SINR using the generi ESM
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Figure 8.1: Referene AWGN urves for SISO with probability of error
below 10%
method, i.e.,
γ
e
(β1, β2) = β1I
−1
[
1
N
N∑
n=1
I
(
γn
β2
)]
, (8.1)
where the I is given by the BICM hannel apaity presented in previous
hapters. This γ
e
is now an appropriate link quality metri whih an be
used for the alulation of link quality indiator.
The purpose of the link adaptation is to selet the CQI whih mathes the
urrent hannel state and sine there is no apriori knowledge available for
the adjustment fators to be used for the ESM formulation so we propose
to use mutual information based ESM method where the alibration is not
a neessary step for transmission mode 1. For other transmission modes we
suggest to use the referene AWGN urves whih has been alulated for
those spei transmission modes so that we do not need the adjustment
fators for other transmission modes. Therefore we an assume β1 = β2 = 1
in (8.1). Mapping of γ
e
to CQI is performed with the help of referene
AWGN urves. These referene AWGN urves for transmission mode 2, 5
and 6 are shown in Figures 8.2, 8.3 and 8.4 respetively. The point of inter-
est (we shall refer it as γref ) in these urves is the 10% of BLER whih is
marked with a dotted line for all of the MCS. This γref an be alulated
orresponding to eah MCS for all dierent transmission modes. These γref
for the disussed transmission modes and all MCS are shown in Figure 8.5.
It an be seen from Figure 8.5 that the performane of dierent antenna
ongurations orresponding to the dierent transmission modes is dier-
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Figure 8.2: Referene AWGN urves for transmission mode 2 with
probability of error below 10%
−6−5−4−3−2−1 0 1 2 3 4 5 6 7 8 9 1011121314151617181920212210
−3
10−2
10−1
100
SNR [dB]
B
LE
R
 
 
mcs 0
mcs 1
mcs 2
mcs 3
mcs 4
mcs 5
mcs 6
mcs 7
mcs 8
mcs 9
mcs 10
mcs 11
mcs 12
mcs 13
mcs 14
mcs 15
mcs 16
mcs 17
mcs 18
mcs 19
mcs 20
mcs 21
mcs 22
mcs 23
mcs 24
mcs 25
mcs 26
mcs 27
BLER
 10%
Figure 8.3: Referene AWGN urves for transmission mode 5 with
probability of error below 10%
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Figure 8.4: Referene AWGN urves for transmission mode 6 with
probability of error below 10%
ent. This is not only due to the transmit and reeive proessing for dierent
transmission strategies but also for the dierent number of resoure elements
for PDSCH in the resoure element grid in LTE. In addition, the number of
PDCCH symbols an also vary from one to three resulting in dierent num-
ber of resoures left for the PDSCH. This an result in variation of the ode
rates and thus the performane for the same MCS when used with dierent
antenna ongurations. The variations in the ode rates of dierent MCS in
LTE with antenna ongurations and dierent number of PDCCH symbols
are given in Tables 8.4 and 8.5 in the Appendix.
It an be observed from the Figure 8.5 that beamforming has almost 3dB
of gain for all of the MCS when ompared to transmission mode 1, 2 and 5.
This means that if the CQI alulation of a UE sheduled in transmission
mode 6 is performed with the referene AWGN performane of any other
transmission mode then it shall always underestimate the CQI and this shall
result in the loss of the ahievable system performane.
The γref values for all CQI and for the disussed transmission modes are
shown in Table 8.2 alulated with the help of OAI link level simulator for
LTE 5MHz bandwidth and real hannel estimation. Then the seletion of
CQI is performed suh that,
min q ∈ Q (8.2)
s.t. γ
e
(m) ≥ γ
ref
(q,m)
whereQ is the subset from the possible CQIs where the ondition of γ
e
(m) ≥
γ
ref
(q,m) is fullled and m represents the transmission mode. In (8.2) q
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Table 8.2: γ
ref
For dierent transmission modes
CQI Code γ
ref
[dB℄
TM 1 TM 2 TM 5 TM 6
0 out of range
1 0.0761 -4.7133 -4.5769 -3.7000 -6.4132
2 0.1172 -4.0384 -3.7114 -3.7000 -5.7243
3 0.1885 -2.6358 -2.3004 -2.6017 -4.6550
4 0.3008 -1.1951 -0.8247 -1.1280 -3.4251
5 0.4385 0.1584 0.6419 0.3147 -2.2187
6 0.5879 1.4385 1.9843 1.8128 -1.0660
7 0.3691 4.4191 3.9921 4.5214 0.9118
8 0.4785 6.1728 6.7209 5.9763 3.4900
9 0.6015 6.6527 7.1902 7.9632 4.1314
10 0.4550 9.8165 10.3291 10.4949 7.1849
11 0.5371 12.1824 11.6899 12.6339 8.6368
12 0.6503 13.5337 14.0954 14.0729 11.0975
13 0.7539 14.9437 15.5193 16.1864 12.4446
14 0.8525 14.9437 15.5193 18.4675 12.4446
15 0.92578 14.9437 15.5193 19.4878 12.4446
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Table 8.3: CQI to MCS mapping for dierent transmission modes at the
eNodeB
CQI MCS
TM 1 TM 2 TM 5 TM 6
0 out of range
1 0 0 0 0
2 1 1 0 1
3 3 3 2 3
4 5 5 4 5
5 7 7 6 7
6 9 9 8 9
7 13 12 11 12
8 15 15 13 15
9 16 16 15 16
10 20 20 18 20
11 23 22 20 22
12 25 25 22 25
13 27 27 24 27
14 27 27 26 27
15 27 27 27 27
represents the minimum hannel quality indiator whih an be deoded
90% of the times or in other words has outage probability of 10%. This
index is sent bak to the eNodeB where a deision on the seletion of MCS
has to be taken so that the requirement of 10% outage probability is fullled.
8.3.2 MCS Seletion at eNodeB
On the eNodeB side this wideband CQI value is used to determine the op-
timum MCS and the orresponding PDSCH transport blok suh that the
target blok error probability requirements are ahieved. The mapping of
CQI to MCS is shown in Table 8.3 whih is atually based on the ode
rate of CQI and MCS. It an be seen in the table that at the eNodeB side
the mapping of CQI to MCS is almost onstant for all of the transmission
modes. The reason is that the CQI value has already aptured the eets
of antenna onguration and the type of reeived detetion used at the UE
therefore the mapping on the eNodeB side an be onsidered independent of
the transmission mode.
The target BLER of 10% is normally not onsidered as the rm hoie and
this an be hanged based on the quality of servie requirements. It an
vary from one to thirty or even 50 perent as well. If the target BLER is
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dierent than 10% and after the rst transmission the target BLER is not
ahieved then the eNodeB an hoose either an aggressive or onservative
approah to adjust its MCS in suh a way that the target BLER is ahieved.
For example if the requirements on the BLER are lowered then the eNodeB
an selet a higher MCS than the one pointed by the CQI and vie versa.
8.4 Results
To show the results of the proposed LA we performed simulations for the
transmission mode 6 with OAI system level simulator presented in Chapter
6. We performed the simulations for transmission mode 6 as this was the
only transmission mode whih was almost 3dB better than the other trans-
mission modes and we were interested in showing the gains whih an be
ahieved by using the proposed link adaptation.
We simulated the system with two UEs randomly plaed around the eNodeB
and we used the three dierent hannel models for the simulations. These
hannel models are tapped delay line Rie hannel model with 1 tap, with
2 taps and 3GPP Extended Vehiular A (EVA) hannel model. To ompare
the performane with our proposed link adaptation we ran the simulations
where CQI alulation is based on an averaged wideband measurement of
the signal energy on the estimated hannels and the ase when our proposed
link adaptation is used. Other required parameters of the simulations are
already similar to the parameters desribed in the Chapter 6 and shall not
be repeated here. We ran the simulations with same senario les with both
of the link adaptation shemes and sheduled the two UEs. The UEs alu-
lated their CQIs based on our proposed link adaptation and averaged energy
measurement. We ran the simulations for 1000 LTE frames and alulated
the aumulated throughput of the system. The results are shown in the
Figures 8.6, 8.7 and 8.8.
The urves with red diamond show the aumulated average throughput of
the system for the given number of frames when proposed link adaptation
is used. Whereas the line with blue boxes represents the throughput for the
system when an averaged wideband measurement is used. It is very lear
that for all of the hannel models the proposed link adaptation performs
muh better and provides a reasonable gain in the overall throughput of the
system. Further it was observed that for the ase of proposed link adaptation
there were less number of HARQ retransmission as ompared to the other
link adaptation whih learly indiates that using proposed link adaptation
is beneial.
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Figure 8.6: Aumulated average throughput of the system with and
without proposed link adaptation for transmission mode 6 and tapped
delay line Rie hannel model having 8 taps
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Figure 8.7: Aumulated average throughput of the system with and
without proposed link adaptation for transmission mode 6 and tapped
delay line Rie hannel model having 1 taps
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Figure 8.8: Aumulated average throughput of the system with and
without proposed link adaptation for transmission mode 6 and EVA
hannel model
8.5 Summary
In this hapter we have presented a novel, robust and simple link adaptation
sheme whih an be used in LTE systems. This proposed link adaptation
sheme makes used of the PHY abstration and about the knowledge of the
transmission mode in whih the user is being served. The detailed tables for
the eetive SINR to CQI mapping are given and the proedure for optimal
CQI alulation with the help of PHY abstration is presented. Furthermore,
the results are provided using OAI system level simulator and it was shown
that proposed link adaptation an provide gain in the system throughput.
However, further investigations are required to rene this model and provide
detailed analysis with more results.
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Table 8.4: LTE Resoure Table for 1 PDCCH Symbol
I
MCS
Q
m
N
C
I
TBS
TBS(25 RB) NP 1Tx NP 2Tx
0 2 1 0 680 0,09 0,09
1 2 1 1 904 0,12 0,13
2 2 1 2 1096 0,15 0,15
3 2 1 3 1416 0,19 0,20
4 2 1 4 1800 0,24 0,25
5 2 1 5 2216 0,30 0,31
6 2 1 6 2600 0,35 0,36
7 2 1 7 3112 0,41 0,43
8 2 1 8 3496 0,47 0,49
9 2 1 9 4008 0,53 0,56
10 4 1 9 4008 0,27 0,28
11 4 1 10 4392 0,29 0,31
12 4 1 11 4968 0,33 0,35
13 4 1 12 5736 0,38 0,40
14 4 2 13 6456 0,43 0,45
15 4 2 14 7224 0,48 0,50
16 4 2 15 7736 0,52 0,54
17 6 2 15 7736 0,34 0,36
18 6 2 16 7992 0,36 0,37
19 6 2 17 9144 0,41 0,42
20 6 2 18 9912 0,44 0,46
21 6 2 19 10680 0,47 0,49
22 6 2 20 11448 0,51 0,53
23 6 3 21 12576 0,56 0,58
24 6 3 22 13536 0,60 0,63
25 6 3 23 14112 0,63 0,65
26 6 3 24 15264 0,68 0,71
27 6 3 25 15840 0,70 0,73
28 6 3 26 18336 0,81 0,85
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Table 8.5: LTE Resoure Table for 3 PDCCH Symbol
I
MCS
Q
m
N
C
I
TBS
TBS(25 RB) NP 1Tx NP 2Tx
0 2 1 0 680 0,11 0,11
1 2 1 1 904 0,14 0,15
2 2 1 2 1096 0,17 0,18
3 2 1 3 1416 0,22 0,24
4 2 1 4 1800 0,29 0,30
5 2 1 5 2216 0,35 0,37
6 2 1 6 2600 0,41 0,43
7 2 1 7 3112 0,49 0,52
8 2 1 8 3496 0,55 0,58
9 2 1 9 4008 0,64 0,67
10 4 1 9 4008 0,32 0,33
11 4 1 10 4392 0,35 0,37
12 4 1 11 4968 0,39 0,41
13 4 1 12 5736 0,46 0,48
14 4 2 13 6456 0,51 0,54
15 4 2 14 7224 0,57 0,60
16 4 2 15 7736 0,61 0,64
17 6 2 15 7736 0,41 0,43
18 6 2 16 7992 0,42 0,44
19 6 2 17 9144 0,48 0,51
20 6 2 18 9912 0,52 0,55
21 6 2 19 10680 0,57 0,59
22 6 2 20 11448 0,61 0,64
23 6 3 21 12576 0,67 0,70
24 6 3 22 13536 0,72 0,75
25 6 3 23 14112 0,75 0,78
26 6 3 24 15264 0,81 0,85
27 6 3 25 15840 0,84 0,88
28 6 3 26 18336 0,97 1,02
Chapter 9
Conlusion & Future Work
9.1 Conlusions
In this thesis we have been able to highlight the importane of PHY ab-
stration for the system level simulations. The thesis was divided in two
main parts. In the rst part we have investigated and proposed new PHY
abstration models for dierent antenna ongurations in LTE. We have pro-
vided a detailed proess of the validation of the PHY abstration methods
with the help of link level simulator. The main stress of the thesis was to
provide pragmati approahes toward the inlusion of PHY abstration in
system level simulators so that these abstration models have higher level of
appliability, auray and realism. This setion also handled the problem
of IR-HARQ in LTE and proposed two approahes whih are very easy to
implement and their validation through link level simulators show that these
an provide required link quality indiator with a very good auray. The
main ahievements presented in this setion are,
• PHY Abstration for SU SISO & MISO systems in LTE
In this hapter we have presented the solution for the problem of PHY
abstration for dierent transmission modes of LTE whih orrespond
to SU SISO and MISO systems. These inlude LTE transmission mode
1 (SISO), 2 (STBC) and 6 (Transmit Preoding). We showed the
omplete methodology with whih the two popular variants of ESM
method an be applied for these dierent transmission modes and we
provided the omplete information about the important steps for their
validation. We showed that the alibration of adjustment fators is a
neessary and important step for the ase of MISO hannel even with
the use of mutual information based PHY abstration. In this hapter
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we have presented results for a wide variety of available MCS in LTE
with both ideal and real hannel estimation. The results are presented
in detailed tables as well whih an be used right away in the system
level simulators.
• PHY Abstration for MU MIMO using IA Reeiver
In this hapter we have extended the topi of PHY abstration for the
IA reeivers and MUMIMOwhere the MU interferene is a major prob-
lem and it deviates greatly from it usual Gaussian assumption. The IA
reeivers utilize the knowledge about the struture of the interferene
for the deoding purposes therefore we proposed a novelty of inluding
the interferene strength as an important parameter in the proess of
PHY abstration for MU MIMO and ompared the results with the
standard ESM methods. It was veried that our proposed model did
outperform other two methods during the validation proess using the
link level simulator. Further in this hapter we extended this model for
the ase of SU MIMO where spatial multiplexing is used. We provided
a framework in whih this proposed model an also be used for SU
MIMO sheme emplying IA reeiver.
• PHY Abstration for IR-HARQ in LTE
In this hapter we dealt with the problem of the inlusion of IR-HARQ
in LTE for system level simulations. The main fous of this hapter
was to provide a rather simple and aurate PHY abstration approah
whih an be easily implemented on the system level simulators for the
LTE systems. Thus we proposed two novel approahes for modeling
the IR-HARQ at the system level simulators out of whih one was was
very simple to implement whereas the other was very aurate. We also
redued the storage requirements for the referene AWGN urves. The
important point to highlight is that simplied proposed model used
the information whih is already available in the ontrol information of
LTE frames so no extra signaling is needed for the presented approah.
We have provided results for wide range of MCS up till the fourth
HARQ round and showed that both methodologies are very aurately
validated with the help of link level simulators.
The seond part of the thesis overs the appliations of the PHY abstrations.
It is shown in this part that the PHY abstration an provide huge benets
for the system level simulations without any signiant loss in the realism of
the system performane. It an provide signiant speed up in the system
level simulations beause of whih it beomes possible to simulate large sale
system simulations.
• System Level Simulations in LTE
In this hapter we presented a omplete methodology of implementing
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the presented PHY abstration shemes in to system level simulations.
We took Eureom's OAI system level simulator as a ase study and
showed that the inlusion of PHY abstration solves the problem of
running the simulations for extremely long duration and provide a-
urate results as ompared to the ones whih are obtained by running
the simulations with full PHY proessing. It was also shown that us-
ing PHY abstration an provide not only a huge fator in the speed
of simulations but auray, appliability and salability. To highlight
the importane of PHY abstration in system simulators we showed the
results for dierent transmission modes of LTE with and without PHY
abstration and showed that PHY abstration is indeed an extremely
valuable low omplexity tool for large sale system simulations.
• Comparison of LTE Transmission Modes at 800 MHz
In this hapter we present another useful appliation of PHY abstra-
tion where we performed the omparison of dierent LTE transmission
modes based on the real hannel estimates whih were olleted during
a measurement ampaign. We presented the omplete methodology
about the use of PHY abstration in alulating the performane of
dierent transmission modes of LTE and we also showed that how the
raw hannel estimated an be used to extrapolate the performane
evaluation of other transmission modes. As an example we showed the
results for the MU MIMO whih was not implemented at the time of
measurement ampaign but using the hannel estimates we alulated
the throughput of the system as if it would have been implemented
using IA reeivers.
• Fast Link Adaptation
In this hapter we have presented a novel, robust and simple link adap-
tation sheme whih an be used in LTE systems. This proposed link
adaptation sheme makes used of the PHY abstration and about the
knowledge of the transmission mode in whih the user is being served.
The detailed tables for the eetive SINR to CQI mapping are given
and the proedure for optimal CQI alulation with the help of PHY
abstration is presented. Furthermore, the results are provided us-
ing OAI system level simulator and it was shown that proposed link
adaptation an provide gain in the system throughput.
The work in this thesis has provided the fundamental basis in the improve-
ment for the system level simulators for omplex and large sale system level
simulations. Also it did provide detailed results in the form of tables whih
an be readily used in the senario of LTE.
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9.2 Future Work
This thesis has tried to over all the major areas in sope of LTE system
level evaluations but still there are some possible diretions in whih this
thesis an be easily extended. These are desribed below,
• The main fous of PHY abstration has been on the downlink in this
thesis and uplink has not been disussed. Although we have progressed
on general framework for the inlusion of abstration for the uplink in
system level simulator but this still requires validated using UL link
level simulator. The shemes for the UL PHY abstration has been al-
ready investigated and a framework for its inlusion in the system level
simulator has also been dened and implemented. Therefore, the work
presented in this work an be easily extended for UL PHY abstration
and further investigations for dierent antenna ongurations in UL
ommuniation an be investigated.
• Another important diretion it an be extended is for the ase of in-
lusion of relays in the system simulators. Sine there are number of
relaying strategies whih are proposed in literature so rst it has to
be deided that what type of relay hannel is to be onsidered. Then
the link between transmitter and reeiver an be modeled using the
approah presented in [25℄ where the relay link an be thought of pro-
viding either an additional diversity branh (like in LTE transmission
mode 2) or both relay and transmitter an do beamforming (like in
transmission mode 6) towards reeiver.
• Further the IR-HARQ approah an be extended to the ase of MIMO
transmission and the problem of adjustment fators an be investigated
for this senario. It has still to be implemented in the OAI system level
simulator. Further the results with variable bandwidths and resoure
alloations an also be studied.
• The proposed link adaptation an be used for the design of an improved
sheduler, whih an take advantage of the antenna ongurations and
do the arbitrary resoure alloation in order to inrease the system
throughput.
Chapter 10
Summary
10.1 Motivation
La ommuniation mobile a véritablement révolutionné la façon dont nous
ommuniquons. Elle a onduit à un hangement radial dans le domaine
de la téléommuniation ave le passage du l au sans l, e qui a permis
de ourir des régions où le déployement d'infrastruture basée sur les âbles
était douteux. De plus, selon l'Union internationale de Téléommuniation
(UIT), le nombre de personnes sousrits à la téléphonie mobile a atteint
6.8 milliards, soit 96% de la population de la planète [1℄. Une omparaison
entre l'évolution de l'abonnement au réseau mobile et elle d'autres types
d'abonnements, omme présenté dans la Figure 10.1, démontre lairement
le désir des hommmes à vouloir ommuniquer entre euse même durant leurs
déplaement. De même, l'Internet apparait omme une autre tehnologie qui
q ontribué à la transformation de la planète en un village mondial. En eet,
ave le dernier onept de loud omputing, l'Internet est devenu un réseau
mondial indispensable utilisé dans presque tout les aspets de la vie quotidi-
enne telle la médiine, défense, business et surtout les médias soiause. La
Figure 10.2 supporte ette ideé et montre qu'environ 80% des ménages dans
les pays développés ainsi que 43% des mondiause ont aès à l'Internet. Une
tendane similaire peut être observée hez les partiuliers à travers le monde.
L'augmentation du nombre d'abonnés au réseau mobile ainsi ainsi que elle
du nombre d'utilisateurs de l'Internet démontrent une demande de plus en
plus roissante sur les servies basés sur l'Internet et la onnetion mobile.
Au ours des 10 dernières années la ommuniation mobile est passée du
réseau purement iruit à un réseau tout IP. Cette évolution a permis de
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Figure 10.1: Global ICT development 2001-2013 [1℄
fournir des débits élevés sur les appareils mobiles, débit qui n'étaient que
possible sur les réseaux xes il ya a 10 ans. Aujourd'hui, les réseaux ellu-
laires basés sur le Long Term Evolution (LTE) du partenariat de troisième
génération (3GPP) [3℄ a déjà été déployés dans ertaines régions du monde
et il assure un débit d'environ 100 Mbps en downlink et de 50 Mbps en up-
link. De plus, les statistiques de ITU montrent que non seulement le nombre
d'abonnés aux servies mobiles de large bande. Cei peut être observé dans
la Figure 10.1 qui présente le Global Information Tehnology Communia-
tion (ICT) tendanes et on peut voir que, avant 2006, les abonnements au
large bande mobile sont nuls et depuis lors, il a atteint le niveau de 30 %
de la population mondiale. Il s'agit d'une indiation laire qu'il y aura une
augmentation signiative de la demande de débits plus élevés pour les ser-
vies de données mobiles à l'avenir.
Cependant, pour répondre à la demande roissante des débits plus élevés, il
est néessaire d'étudier les tehniques plus eaes et innovantes qui peu-
vent non seulement fournir le débit de données requis en étant plus eae
du spetre, mais sont aussi respetueux de l'environnement en termes de
onsommation d'énergie. Un exemple de tels eorts est la normalisation du
système 3GPP LTE. Il déploie non seulement les réseaux de grande envergure
où plusieurs antennes sont utilisées à la station mobile et à la station de base,
mais aussi les réseaux de petite éhelle utilisent les stations de base à une
puissane d'émission très faible i.e., les réseaux des ellules femto, pour aug-
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Figure 10.2: Utilisation roissante d'Internet dans la vie quotidienne [1℄
menter l'eaité spetrale. En outre, il prend en harge la ommuniation
oopérative où les stations de base des ellules voisines peuvent partager
des données et des signaux de ommande an d'éviter les interférenes et
augmenter la puissane du signal vers l'utilisateur mobile souhaité. Il prend
également en harge des onepts avanés omme virtuelle MIMO et le relais.
Les gains oerts par es tehniques sur le lien de ommuniation unique ne
représentent pas néessairement les mêmes gains lorsqu'il est déployé dans
un système énorme. Par onséquent, les simulations au niveau système sont
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les besoin absolue pour les évaluations de rendement avant le déploiement
de es systèmes. Et 'est là que l'on prend onsiene de l'importane des
simulations au niveau système. Dans les simulations au niveau système, la
véritable performane des tehniques proposées est évaluée par la mise en
oeuvre du système à l'éhelle omplète et la ompatibilité de es régimes
ave eux déjà existants est également validée.
Les simulations au niveau système exigent normalement les aluls lourds
pour très longue durée de temps en raison de la aratérisation des liaisons
radio entre haque utilisateur et de la station de base. Les simulations au
niveau lien de haune de es liaisons est le goulet d'étranglement dans es
simulations. Pour trouver l'impat des aluls de simulation au niveau lien,
nous avons eetué une petite simulation ave un eNodeB LTE et un UE à
l'aide de simulateur OpenAirInterfae (OAI) d'Eureom qui est un simula-
teur au niveau système et omporte un simulateur au niveau lien intégrée
aussi.
Pour en savoir plus sur les ressoures onsarées à la ouhe physique nous
avons réalisé le prolage sur les diérents blos du simulateur. Pendant la
simulation, nous avons alulé le temps qui a été passé sur haque blo dans
le simulateur et aussi la fréquene d'appeler un ertain blo a été alulé.
Cei est illustré dans la Figure 10.5 où les boîtes en vert orrespond aux
prinipales tâhes liées au simulateur au niveau lien en sens desendante
1
.
On peut voir que la majeure partie du temps et des ressoures sont onsarés
aux blos qui orrespondent au simulateur au niveau lien.
Une version plutt simpliée du prolage est représenté dans la Figure 10.3
où le pourentage de la durée de temps passé pour les simulations au niveau
lien et le reste des tâhes lié au niveau système lié est ahé. Bien qu'il
était un système extrêmement trivial, mais enore plus de 82 % du temps
de simulation a été onsaré à la simulation au niveau lien alors que seule
une petite fration du temps a été onsaré à la pile de protoole et d'autres
tâhes liées au système.
Par onséquent, an de réduire la omplexité et la durée des simulations
au niveau système, il est absolument néessaire d'avoir un modèle d' ab-
stration préis de ouhe physique préise (PHY) qui remplae les aluls
réels du niveau lien et fournit les ouhes supérieures ave une mesure de
qualité de lien néessaire et préis, i.e., taux d'erreur de blo (BLER) ou
1
S'il vous plaît noter que le prolage a été réalisée en utilisant gprof sous système
d'exploitation Linux et gprof a la apaité limitée du prolage et ne peut pas le proler pour
les instrutions spéiques de matériel. En OAI simulateur, Turbo déodeur est mis en
oeuvre ave une grande préision et très faible omplexité en utilisant le jeu d'instrutions
Intel et les appels à déodeur Turbo ne sont pas visibles dans la Figure de prolage.
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Figure 10.3: Shéma simplié de prolage au niveau système de simulations
taux d'erreur de paquet (PER). Un modèle d'abstration de lien est utilisée
pour déterminer l'indiateur de qualité au niveau système requis à l'aide
d'adaptation du lien idéal sans avoir à simuler n'importe quel traitement de
ouhe physique i.e. , le odage , la modulation, la onvolution du anal ave
le signal, la démodulation et le déodage. Cei est illustré dans la Figure
10.4 où il peut être vu que PHY abstration fournit aux ouhes supérieures
la déision néessaire sur le déodage du paquet sous les onditions de anal
instantanées tandis que dans le traitement omplète de PHY, ette déision
peut être obtenue seule à partir du déodeur lui-même. Dans ette forme,
il est un outil de faible omplexité extrêmement préieux pour simulations
eae au niveau système à grande éhelle. En outre, il peut également être
utilisé pour l'ordonnanement des ressoures rapide, l'adaptation du lien
rapide en utilisant la ommande de puissane adaptative et la modulation
et le odage adaptatifs.
La motivation prinipale de ette thèse était don d'étudier et de proposer
des nouveaux modèles d'abstration PHY pour les ongurations d'antennes
diérentes en LTE et fournir une approhe pragmatique an que es mod-
èles d'abstration aient plus haut niveau d'appliabilité, de préision et
de réalisme. Ce ne doit pas seulement fournir la base fondamentale de
l'amélioration pour les simulateurs au niveau système, ave lesquelles il sera
possible de tester diérents protooles de ouhe supérieure et des politiques
d'ordonnanement, mais aussi es régimes d'abstration PHY peuvent être
utilisés dans les évaluations en temps réel des stations de base.
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Figure 10.4: Comparaison de la pile de protoole ave et sans PHY
abstration
En outre, ette thèse fournit des paramètres fondamentaux pour l'abstration
PHY des diérents modes de transmission de LTE et fournit une analyse
en profondeur sur les diérents aspets de l'abstration PHY. Le problème
d'avoir une solution analytique pour l'inlusion de redondane inrémentale
- requête automatique de répétition hybride (IR-HARQ) est également traité
dans ette thèse et deux approhes semi-analytiques ont été proposée pour
artographier les avantages de IR-HARQ ave un haut niveau de préision
et l'eaité.
Un autre objetif de ette thèse est de montrer que les tehniques d'abstration
PHY ont beauoup de potentiel et peuvent être utilisés dans plusieurs sé-
narios et objetifs. Nous montrons que l'abstration PHY, mis en oeuvre
dans le simulateur au niveau système, augment la vitesse de la simulation
au moins 30 fois par rapport au système dans le quel PHY est omplètement
traité. Nous avons également montré en fournissant un débit agrégé sur un
nombre donné des trames que PHY abstration fournit exatement le même
genre de performane omme un système de traitement omplet de PHY.
Cei fourni un résultat positif et très enourageant en faveur de l'utilisation
de l'abstration PHY dans les simulations système. Aussi, nous avons mon-
tré que e peut améliorer le feed-bak de l'indiateur de qualité de anal
(CQI) pour le hoix approprié de la modulation et de odage (MCS) en lien
desendant et ave une légère modiation, il peut également être utilisée
pour les estimations réelles de anal pour prouver les onepts fondamentaux
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de ommuniation dans divers environnements.
10.2 Outline and Contributions
Cette thèse est prinipalement divisée en deux parties, méthodologies et ap-
pliations. Certains onepts de base liés à la tehnologie LTE et les sujets
abordés dans ette thèse sont présentés omme des onnaissanes de base
dans le hapitre 2. Part - I dérit les régimes d'abstration PHY diérents
pour les diérents modes de transmission LTE et leur validation par les
simulateurs au niveau lien. Au début, ette partie donne une vue globale
sur la méthodologie de l'abstration PHY et répond à ertaines questions
très importantes sur la validation de es régimes à l'aide de simulateurs au
niveau lien. Puis il étend les régimes d'abstration pour le as de multi-
utilisateurs (MU) MIMO ommuniation où l'interférene est non gaussi-
enne et sa struture est exploitée lors du déodage don l'abstration PHY
doit également être apable d'exploiter les onnaissanes sur les interférenes
pour une modélisation préise. L'inlusion de l'IR-HARQ pour le LTE est
ensuite disuté en détail et deux nouvelles proédures semi-analytiques sont
proposées qui font usage de seulement trois référenes ourbes de bruit blan
additif gaussien (AWGN) de et fourni une solution simple pour le largeur de
bande variable.
Partie II présente quelques-unes des appliations possibles de l'abstration
PHY à partir de sa mise en oeuvre pour des simulations au niveau système,
puis ompare les diérents aspets de l'abstration PHY où elle est béné-
que. Il peut également être utilisé pour l'adaptation de lien rapide du LTE
où un CQI eae peut être alulée en utilisant l'abstration PHY et une
modulation et odage (MCS) appropriée peut être séletionné pour le lien
desendant. Une autre appliation très importante de l'abstration PHY est
la validation de diérents aspets de la ommuniation à l'aide des estima-
tions de anal mesurées. Un bref aperçu de haque hapitre est présenté
i-dessous.
10.2.1 Fondamentaux
Ce hapitre ouvre les onepts de base liés à la norme LTE en général et
plus partiulièrement sur la ouhe physique. Il est destiné à fournir une
référene rapide aux diérents onepts de système LTE qui sera fréquem-
ment utilisé dans le reste de la thèse. Il ommene par un bref historique
de l'évolution des normes ellulaires et disute le protoole LTE, struture
de trame LTE et le traitement du lien desendant, e.g., le odage de anal,
modulation et, et la orretion d'erreurs en avant dans LTE en utilisant
la tehnologie IR-HARQ. Ensuite, il fournit une ourte introdution à un
onept important de bits entrelaés modulation odée (BICM) et présente
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la apaité de BICM pour la modulation d'amplitude en quadrature (QAM)
alphabets. Enn, e hapitre se termine par une introdution formelle de
l'abstration PHY pour les systèmes basés sur multiplexage par répartition
orthogonale de fréquene (OFDM). Ce hapitre présente également une in-
trodution formelle de la plate-forme OpenAirInterfae qui est largement
utilisé pour produire les résultats de ette thèse.
OpenAirInterfae
OpenAirInterfae est une plate-forme open-soure pour l'expérimentation
dans les systèmes sans l ave un fort aent sur les tehnologies ellulaires
telles que LTE et LTE-Advaned. La plate-forme omprend du matériel et
des omposants logiiels et peut être utilisé pour la simulation / émulation de
même que l'expérimentation en temps réel. Il omprend de l'ensemble de la
pile de protoole à partir de la physique à la ouhe réseau. L'objetif de ette
plateforme est de ombler l'éart entre la simulation et l'expérimentation en
temps réel en fournissant les données de référene pour la validation du pro-
toole, évaluation de la performane et test du système de pré-déploiement.
Les prinipales aratéristiques sont
• Conformité extensif de LTE Release 8.6 ave ertaines aratéristiques
de LTE-Advaned
• Pile omplète de protooles pour les implémentations d'UE et d'eNB
• Fournit une interfae de réseau Linux pour exéuter n'importe quelle
appliation sur le dessus
• Possibilité de Carrier aggregation
• Met en oeuvre plusieurs modes de transmission (TM) importants de
LTE
∗ LTE TM 1 (SISO)
∗ LTE TM 2 (STBC - Alamouti Codes)
∗ LTE TM 5 (MU MIMO)
∗ LTE TM 6 (Transmit Preoding)
OpenAirInterfae omprend une implémentation en C hautement optimisé,
y ompris tous les éléments de la 3GPP LTE Rel 8.6 pile de protoole pour
l'UE et l'eNB ( PHY , MAC , RLC , RRC , PPPC , NAS driver). A part de
fontionnement en temps réel du modem logiiel sur une ible matérielle, la
pile de protoole omplet peut être exéutée en émulation. L'environnement
d'émulation d'OpenAirInterfae permet la virtualisation de noeuds de réseau
dans les mahines physiques et déploiement distribué sur les réseaux Eth-
ernet âblés. Les noeuds du réseau ommuniquent par virement diret à la
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mémoire quand ils font partie de la même mahine physique et par multid-
iusion IP sur Ethernet quand ils sont dans des mahines diérentes. Dans
le premier as, l'émulateur peut soit être exéuté ave la ouhe PHY om-
pète ou ave l'abstration PHY tandis que dans le dernier as, les noeuds
interfae au niveau de la ouhe 2. Le reste de la pile de protoole (MAC
et RLC) pour haque instane de noeud utilise la même implémentation, de
même que l'ensemble du système. Chaque noeud dispose de sa propre inter-
fae IP qui peut être reliée soit à une appliation ou un générateur de tra.
L'émulateur omprend également un modèle de mobilité simple et modèle
de anaux, y ompris l'aaiblissement de propagation, l'eet de masque et
stohastique évanouissements rapides.
Il est destiné à fournir une référene rapide aux diérents onepts de système
LTE qui sera fréquemment utilisé dans le reste de la thèse. Il ommene par
un bref historique de l'évolution des normes ellulaires et disute le protoole
LTE, struture de trame LTE et le traitement du lien desendant, par exem-
ple, le odage de anal, modulation, et , et la orretion d'erreurs en avant en
utilisant la tehnologie LTE IR- HARQ. Ensuite, il fournit une ourte intro-
dution à un onept important de bits entrelaés modulation odée (BICM)
et présente la apaité de BICM pour la modulation d'amplitude en quadra-
ture (QAM) alphabets. Enn, e hapitre se termine par une introdution
formelle de l'abstration PHY pour les systèmes basés sur multiplexage par
répartition orthogonale de fréquene (OFDM).
10.2.2 Part I - Méthodologies
LTE Single-User (SU) SISO & MISO Systèmes
Au ours de la dernière déennie, le besoin d'une modélisation PHY d'abstration
plus sophistiqué a gagné beauoup d'attention non seulement au sein de la
ommunauté de reherhe, mais aussi dans l'industrie à ause de son impor-
tane pour des évaluations préises au niveau système. Ce hapitre présente
un aperçu de la littérature et de l'état de l'art des méthodes d'abstration
PHY pour les systèmes de ommuniation LTE mono-utilisateur (SU). Il
propose ensuite les shèmes qui permettent d'étendre les méthodes simples
pour des systèmes plus omplexes en utilisant la diversité de transmission et
la formation de faiseau.
Dans e hapitre, les tehniques d'abstration PHY les plus populaires sont
présentés en aentuant sur leur mise en oeuvre point à point pragmatique
et ei pour les diérents types de shèmes de transmission et de réeption
des systèmes LTE. Les deux régimes d'abstration PHY les plus utilisés sont
EESM et MIESM. Ces deux régimes sont basés sur le onept de orrespon-
dene du SINR eetive qui représente une moyenne du SINR subie par
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un anal. Un paramètre important pour es deux shèmes est le fateur
d'ajustement(s) pour les diérents types de stratégies de transmission et de
modèles de anal. Dans e hapitre, nous avons fourni uen ompréhension
laire de es fateurs d'ajustement et sur leur exigene pour l'exatitude du
modèle. Nous montrons que les fateurs d'ajustement doivent être alibré et
validé pour s'assurer que l'abstration PHY fournit une information réaliste
en imitant la pleine pérformane de PHY.
La plupart des travaux dans la littérature présente des résultats pour des
systèmes très limitées alors que dans e hapitre, nous présentons une om-
préhension générique sur diérents aspets de l'abstration PHY ave l'aide
de diérentes ongurations d'antennes dont un anal SISO, un anal MISO
ave diversité de transmission [2631℄ et les tehniques de beamforming
à la transmission [3241℄. Ces régimes sont appelés, respetivement, les
mode de transmission 1 , 2 et 6 dans les systèmes LTE. Ce hapitre four-
nit une méthodologie omplète de alibration et validation des systèmes
d'abstration PHY mentionnés et présente les résultats à l'aide du simu-
lateur OAI de niveau liaison .
Elle répond aux diérentes questions fondamentales sur la oneption et
la validation de systèmes d'abstration PHY ave l'aide de résultats très
exhaustives et détaillées. Il fournit les ourbes de rendement de référene
AWGN utilisés pour l'indiation de la qualité de la liaison et montre que
la alibration des fateurs d'ajustement dans les régimes d'abstration PHY
populaires, est une étape néessaire en partiulier pour le as d' abstration
PHY et de ongurations multi-antennes basés sur l'information mutuelle.
La méthodologie est présentée pour les anaux SISO et MISO, en utilisant
les odes en blos espae-temps omme par exemple les odes Alamouti et le
préodage à la transmettre. Ce hapitre fournit les onnaissanes fondamen-
tales de l'abstration PHY et montre que la façon dont l'abstration PHY
peut être formé et validé pour n'importe quelle onguration de système
LTE .
Il a été montré qu'ave un alibrage orret, EESM et MIESM auront des pér-
formanes équivalente et don n'importe lequel pourraient être utilisés pour
les évaluations du système. En n de ompte il a été montré que les fateurs
d'ajustement alibrés sont globalement optimals et donnent les valeurs MSE
minimales pour l'ensemble des MCS. Il est très lair d'après les résultats que
ette méthodologie est très préise et même peut être diretement utilisée
pour les évaluations au niveau système. En outre, dans l' annexe A, nous
présentons les fateurs d'ajustement alibrés pour les modes de transmission
déjà mentionnés qui peuvent être utilisées dans les simulateurs de niveau
système. Certains des résultats de e hapitre ont été déjà publiés dans les
onférenes mondiales renommées de l'IEEE.
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LTEMultiutilisateur MIMO ave Le Réepteur Consient de L'interférene
Dans e hapitre, nous étudions l'abstration PHY pour les systèmes limités
par les interférenes et les algorithmes de réeption avanées. Cette tâhe est
assez diile surtout pour les systèmes MIMO. La ommuniation MIMO
ore un gain linéaire dans la apaité du système proportionnellement au
minimum du nombre d'antennes à l'émetteur et au réepteur sans avoir be-
soin d'augmenter la bande passante ou la puissane [43℄ [44℄. Les systèmes
MIMO se répartissent généralement en deux atégories, SU MIMO et MU
MIMO [45℄. MU MIMO a plusieurs avantages par rapport à SU MIMO et ré-
sout de nombreux problèmes prinipaux du SU MIMO [46℄ [47℄. Le prinipe
de base de la ommuniation MU MIMO est que plus d'un utilisateur peut
être servi en utilisant les même ressoures de temps et de fréquene augmen-
tant ainsi diretement l'eaité spetrale et la apaité du système.
Bien que les gains oerts par MU MIMO ave une meilleure oneption
de livre de odes et le réepteur IA sont signiatifs sur le lien de ommu-
niation unique [51℄ le vrai potentiel de es réepteurs est testé au niveau
système. Toutefois, les évaluations au niveau système exigent normalement
des aluls lourds pour de très longues durées de temps en raison de la ar-
atérisation des liaisons radio entre haque utilisateur et la station de base.
Les simulations au niveau de lien de haune de es liaisons est la harge la
plus lourde dans es évaluations. Par onséquent, pour réduire la omplexité
et la durée des simulations au niveau système nous avons besoin d'un modèle
d'abstration PHY préis.
La aratéristique la plus importante des modèles d'abstration PHY est de
pouvoir non seulement apturer les aratéristiques de l'émetteur-réepteur
de manière très préise, mais aussi être en mesure de fournir un niveau
élevé de préision pour le simulateur de niveau système. Dans e hapitre,
nous étudions l' abstration PHY, ave l'aide du MU MIMO en détail, et
améliorons la méthodologie présentée dans [55℄ en termes de omplexité
et de préision. Nous proposons un nouveau modèle d'abstration PHY
(IAPA) basé sur l'information mutuelle et le niveau d'intérferene pour le
MU MIMO LTE et quand les réepteurs IA à faible omplexité sont util-
isés. Nous montrons que le modèle d'abstration PHY proposé est apable
d'exploiter les interférenes pour fournir un indiateur de la qualité de la
liaison préis. Pour la omparaison, nous montrons omment les modèles
d'abstration PHY standards peuvent être utilisés pour les réepteurs LTE
qui prennent en ompte les interférenes et nous omparons leurs résultats
ave notre modèle d'abstration PHY proposé. En outre, dans e hapitre,
nous généralisons le modèle d'abstration PHY proposé pour des sénarios
limitées par l'interférene autres que le MU MIMO LTE .
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Ce hapitre présente un nouveau modèle d'abstration PHY pour intégrer la
onnaissane des interférenes ave la puissane du signal désiré pour prédire
la performane de liaison pour les systèmes MU MIMO. Un aspet impor-
tant de ette méthode est qu'elle peut être utilisée non seulement pour des
systèmes MU MIMO mais aussi pour les autres systèmes MIMO limitées
par l'interférene mais ainsi lorsque l'interférene est non gaussienne. Un
exemple partiulier d'un tel sénario est la transmission basée sur le multi-
plexage spatial en LTE ave deux ux de données indépendants. Pour e
as, l'interférene reçue sur les deux ux n'est pas gaussienne et appartient
à un alphabet de modulation QAM nie dont la struture peut être exploité
au ours du déodage. L'abstration PHY proposé est en mesure d'exploiter
es informations pour l'abstration PHY. Ce hapitre présente les résultats
de la validation de shéma proposé ave deux méthodes à la pointe de l'art
et sa supériorité est prouvée en utilisant un simulateur de niveau liaison. Les
résultats de e hapitre sont publiés dans des onférenes IEEE.
Redondane Inrémental HARQ de LTE
le shéme (IR-HARQ) [6468℄ utilisé dans les normes de ommuniation sans
l réentes tels que 3GPP LTE ore des prestations plus élevées en termes
de apaité du système et de robustesse. Mapper es avantages dans les
évaluations au niveau système est d'une importane ritique. Les tehniques
traditionnelles d'abstration PHY sont généralement onçus pour une bande
passante xe et ne présentent pas une solution générique pour l'aetation
variable de bande passante pour les utilisateurs. Par onséquene, dans e
hapitre, nous proposons deux méthodes semi-analytiques pour modéliser les
performanes IR-HARQ au niveau liaison en LTE pour les simulateurs de
niveau système. Les systèmes proposés permettent l'attribution arbitraires
de bande passante alors que dans le même temps ils réduisent les besoins de
stokage pour les opérations omplexes de l'abstration IR-HARQ PHY.
la modélisation des performanes des (HARQ) pour l'abstration PHY a
aquis toute une attention de la part de la ommunauté de reherhe pour
son utilisation dans les simulateurs de niveau système pour réduire le temps
des simulations et la omplexité du alul de la ouhe physique. Cepen-
dant la modélisation de la ombinaison des informations de plusieurs séries
HARQ peut être omplexe dans le as de redondane inrémentale HARQ où
de nouveaux bits de redondane supplémentaires sont transmis ave ertains
des bits transmis préédemment à haque tour HARQ. Dans [42℄, les auteurs
ont présenté une simple modélisation HARQ (pas IR- HARQ) dans les sys-
tèmes OFDM utilisant appliation exponentielle eae SINR (EESM) et
mutuel d'information sur la base de la artographie SINR eae (MIESM).
Dans [69℄ les auteurs ont présenté une méthode réursive en utilisant EESM
pour la modélisation HARQ d'un système OFDM. Un travail intéressant a
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été présenté dans [70℄ où les auteurs ont montré qu'un ensemble réduit de
ourbes de référene peut être utilisé pour la modélisation de la qualité de
la liaison de HARQ en général. Mais leur exigene de plaer l'information
mutuelle des bits reçus dans la mémoire tampon irulaire virtuelle (repro-
duire le proessus de taux de orrespondane) est une harge de alul pour
l'abstration PHY. Le onept d'information mutuelle aumulé (AMI) pour
l'abstration HARQ PHY est présenté dans [71℄. Dans [72℄ les auteurs ont
utilisé le onept de l'AMI de [71℄ pour l'abstration HARQ PHY dans les
systèmes LTE ave une aetation de bande passante xe .
Les points limitants dans la plupart de es approhes sont, tout d'abord,
qu'ils ne fournissent pas un aperçu analytique détaillée sur le problème de la
modélisation IR-HARQ au niveau système en plus ils ne traitent pas le as
d'une largeur de bande variable (PRB en LTE) assignée aux utilisateurs. À
et égard, les tehniques présentées ne sont réalisables que pour des aeta-
tions de bande passante spéiques et pour des portées limitées. En plus,
es tehniques (sauf [70℄) néessitent un très grand nombre de ourbes de
référene pour la modélisation de la performane HARQ e qui augmente les
besoins de stokage pour l'abstration PHY . Toutefois, e hapitre présente
des méthodes simples, robustes et eaes pour la modélisation des per-
formanes de l'IR-HARQ dans le as d'aetation arbitraire de la bande
passante et aussi il utilise un ensemble très réduit de ourbes de référene.
Les autres disussions dans e hapitre sont dans le ontexte de la tehnolo-
gie LTE, mais la méthode peut être appliquée à d'autres normes ellulaires.
Ce hapitre présente deux nouveaux modèles d'abstration PHY semi-analytiques
qui permettent de prédire la performane au niveau liaison des systèmes LTE
ave IR- HARQ et attribution variable de bande passante . Ces modèles pro-
posés utilisent une oneption intelligente de l'adaptation du débit en LTE
pour faire la modélisation de l'IR- HARQ indépendament de la taille du blo
de transport ( TBS ) et réduit les besoins de stokage pour l'abstration PHY
en utilisant les ourbes de performane de référene orrespondant au taux
du ode initial. Les deux approhes proposées sont la modélisation au niveau
de symbole et de la modélisation au niveau binaire. Comme il est lair à par-
tir des noms que le premier est basé sur la modélisation au niveau de symbole
et est don plus faile à mettre en oeuvre alors que la seonde est basée sur
la modélisation au niveau binaire et est plus préis. Les résultats pour les
diérents yles de l'IR- HARQ sont présentés dans e hapitre et il est ob-
servé que les modèles proposés fournissent des résultats de validation très
préis à partir du simulateur du niveau liaison. Les résultats de e hapitre
sont publiés dans des onférenes renommées.
162 Chapter 10 Summary
10.2.3 Part II - Appliations
Simulations au Niveau Système
Dans les ommuniations sans l, l'évaluation des systèmes à grande éhelle
ave l'aide de simulateurs système est d'une importane apitale. Cependant,
es simulations ont une grande omplexité de alul et un temps d'évaluation
très long en raison de l'exéution de l'algorithme de ouhe physique et du
modèle de anal utilisé. De nombreux simulateurs au niveau système re-
posent don sur les tehniques d'abstration PHY qui prédisent la perfor-
mane de la ouhe PHY en fontion de l'état atuel du anal. Il a été
onstaté à l'aide de prols en simulateur OAI au niveau système que, même
pour un système simple ave un seul eNodeB et un seul UE plus de 82 %
du temps de simulation total et de ressoures ont été onsarées uniquement
pour la ouhe PHY. Il s'agit d'une énorme ontrainte en termes de om-
plexité et de la durée de temps de grandes évaluations au niveau système.
Et pour les évaluations de la performane du système, même dans un simu-
lations à l'éhelle moyen, 'est à dire ave moins de eNodeB et moins UEs,
il peut prendre des mois si simulé ave un traitement PHY omplet. Par
onséquent, pour réduire la omplexité et la durée des évaluations au niveau
du système, il est néessaire d'avoir un modèle d'abstration PHY .
L'utilisation de l'abstration PHY dans les évaluations du système devrait
fournir quatre prinipaux avantages, 1) faible omplexité et rapidité en rem-
plaçant le traitement omplet de la ouhe physique ave des aluls assez
simples en utilisant des tables de look up, 2) l'évolutivité dans les évaluations
du système en permettant d'évaluer d'énorme systèmes ave des entaines
de noeuds, 3) appliabilité en as d'utilisation diverses et enn 4) le plus
important est le réalisme en fournissant la véritable mesure de qualité de
lien omme il aurait obtenu ave un traitement PHY omplet . Ainsi, dans
ette forme l'abstration PHY est un outil de faible omplexité extrêmement
préieux pour les évaluations de système à grande éhelle ar il fournit au
simulateur du système l'indiateur de qualité de liaison néessaire sans avoir
à oder et déoder les paquets. En outre, il peut également être utilisé pour
la planiation des ressoures rapide et l'adaptation rapide de liaison .
Dans e hapitre, nous avons présenté une méthodologie omplète de mise en
oeuvre de l'abstration PHY dans un simulateur de niveau système et nous
avons montré que l'abstration PHY est un outil extrêmement préieux pour
les simulations de systèmes à grande éhelle. Nous avons en outre montré
que l'utilisation de l'abstration PHY peut énormement aélerer les simu-
lations et peut don être utilisé pour une évaluation de performane eae
et en temps réel, sans perte de performane réelle de l'émetteur-réepteur.
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Comparaison des TMs de LTE en utilisant des mesures de anal
à 800 MHz
Ce hapitre présente un autre sénario appliable dans lequel le onept
d'abstration PHY peut donner un aperçu du problème en main. L'objetif
prinipal de e hapitre est de montrer la façon ave laquelle l'abstration
PHY peut être utilisé pour omparer les diérents modes de transmission
dans les zones rurales à 800 MHz. Pour omparer les performanes, nous
avons utilisé les mesures de anal qui ont été stokés au ours d'une ampagne
de mesure dans le sud de la Frane pour trois sites diérents. L'utilisation
de es anaux MIMO réels a permie non seulement le alul les indiateurs
de performane des modes de transmission pour lesquels la ampagne de
mesure a été eetuée, mais aussi extrapolé les résultats à des modes de
transmission qui n'ont pas été validés au ours de la ampagne de mesure.
La ampagne de mesure a été menée ave le ban d'essai de l'OAI Eureom
qui implémente LTE PHY basé sur [8, 9, 62℄.
Ce ban d'essai a été basé sur la tehnologie de ouhe PHY LTE version
8 et les modes de transmission 1, 2 et 6 en temps réel. En plus du débit
enregistré du modem réel, les estimations de anal brutes ont été stokées et
utilisées pour extrapoler la performane en mode de transmission 5 (MIMO
multi-utilisateur). Cette extrapolation a été réalisée au moyen d'un modèle
d'abstration PHY basé sur l'information mutuelle qui fait abstration d'un
réepteur pour MU MIMO basé sur la onnaissane d'interférene proposé
par Ghaar et al, puis les résultats sont omparés ave les performanes de
l'abstration des modes de transmission 2 et 6. la performane supérieure du
mode MU MIMO (ave le réepteur basé sur l'interférene) par rapport aux
autres modes de transmission est illustré et il est démontré que si le anal
admet alors même pour une eaité spetrale inférieure, MU MIMO est
l'option préférée.
Ce hapitre présente le ban d'essai de l'OAI, les mesures de anal LTE ainsi
que les résultats orrespondants dans la bande 800 MHz, puis la méthodologie
omplète pour omparer les résultats pour les diérents modes de transmis-
sion de la tehnologie LTE. L'objetif prinipal de la ampagne de mesure a
onsisté à estimer le meilleur débit possible par un terminal LTE version 8
nomade dans un déploiement LTE de 5 MHz à 850 MHz rural. Cependant,
un autre intérêt était de omparer l'eaité des diérents modes de trans-
mission de la tehnologie LTE dans les déploiements rurales. Cela donne les
orientations fondamentales pour le déploiement LTE dans les zones rurales.
Le ban d'essai de l'OAI a un eNodeB LTE (aronyme de la station de base)
à 3 seteur, double RF de haute puissane et un équipement utilisateur (UE)
fontionnant à une fréquene entrale de 859.5MHz. En plus des mesures de
débit, des estimations de anal brutes ont été stokées pour un traitement
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ultérieur. Ces mesures ont été prises dans le département de Tarn dans
le sud-ouest de la Frane, en ollaboration ave l'agene spatiale française
(CNES).
Ce hapitre fournit une autre appliation importante de l'abstration PHY.
Il fournit la omparaison des performanes des diérents modes de trans-
mission de la tehnologie LTE dans les zones rurales à 800 MHz ave l'aide
d'estimations de anal réels et d'abstration PHY basée sur l'information
mutuelle. Il fournit une méthodologie détaillée pour l'utilisation de l'abstration
PHY dans de telles expérienes. Il peut, non seulement, valider ertains des
onepts bien ompris de la ommuniation, mais peut également être util-
isé pour une analyse approfondie par l'extrapolation des résultats à d'autres
sénarios. Dans e hapitre, les résultats de MU MIMO sont extrapolés à
partir des estimations de anal d'un autre mode de transmission et il est dé-
montré qu'il est avantageux de faire du MU MIMO opportuniste haque fois
qu'il est possible, ar il fournit un meilleur débit, même si nous limitons nos
résultats aux faibles modulations. Les résultats de e hapitre sont publiés
dans des onférenes IEEE.
Adaptation de Lien Rapide (Fast Link Adaptation)
Ce hapitre présente une appliation très importante de l'abstration PHY
pour l'adaptation rapide de lien et planiation eae des UEs dans les
systèmes LTE. Sur la base de l'état atuel du anal, il est possible de séle-
tionner le shéma de modulation et de odage pour répondre à ertaine spé-
iations de qualité de servie (QoS). les modulation de faible ordre utilise
un petit nombre de bits pour haque symbole modulé. Cela peut aboutir à
un faible débit binaire, mais il est plus robuste et peut tolérer des niveaux
plus élevés de bruit et d'interférene. Cepandant les modulations d'ordre
supérieur peuvent fournir des débits plus élevés, mais sont plus vulnérable
aux niveaux de bruit et d'interférene. De la même façon, séletioner des
taux de odage inférieures pour des mauvais anaux peuvent améliorer la per-
formane du déodeur au prix de la perte de débit global et séletionner un
taux de odage plus élevées peuvent augmenter le débit, mais au détriment
de la mauvaise performane du déodeur. Ce proessus de séletion d'une
ombinaison valable de modulation et de odage sur la base de l'état atuel
du anal est appelé modulation et le odage adaptatifs (AMC). L'adaptation
rapide de lien (FLA) en LTE est basé sur AMC. La FLA est le proessus de
séletion d'un MCS approprié pour le DL sur la base de l'indiateur de qual-
ité du anal qui est renvoyé à partir de l'équipement utilisateur à l'eNodeB.
Dans LTE, il ya 29 diérentes ombinaisons possibles de MCS et n'importe
lequel peut être séletionnés pour la transmission DL. Mais l'adaptation de
es MCS est basée prinipalement sur les ompte rendus de l'UE à eNodeB
et l'CQI est l'un des éléments lés de ette rétroation. CQI est basé sur le
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S(I)NR reçu et la oneption du réepteur. Et dans e hapitre, nous allons
étudier le alul de ette CQI pour la FLA et la planiation basé sur e CQI.
Le onept de FLA n'est pas nouveau dans la norme LTE puisqu'il a été
inlus dans WCDMA, HSPA et WiMax. Il ya beauoup de ontribution de
reherhe sur le thème de la FLA pour les systèmes WiMax, HSPA et LTE.
Dans [80℄ les auteurs ont présenté une méthode sous-optimale de la séletion
de la rétroation à l'UE selon un système ESM et ils ont montré que les deux
méthodes d'ESM (EESM et MIESM) fournissent presque le même niveau de
performane pour les évaluations de l'CQI. En outre, ils ont montré qu'en
utilisant leurs shémes RI et PMI de rétroation, les erreurs d'estimation ont
un impat énorme sur les performanes du système. La raison de ela est la
séletion onjointe des RI et PMI. Si les évaluations des omptes rendus est
estimé ave des erreurs, le système pourrait prendre une mauvaise déision
sur le nombre de ouhes et la séletion de pré-odeur e qui peut entraîner la
dégradation des performanes du système. Dans [81℄ les auteurs ont proposé
l'information mutuelle moyenne par artographie de bits odés (MMIBM)
omme ritère pour les systèmes MIMO OFDM à l'aide de la norme IEEE
802.11n et a montré qu'il est un peu plus pérformant que EESM et MIESM.
Dans leurs travail, ils ont aussi montré que leur FLA proposée permet des
gains dans les anaux ave un temps de ohérene plus réduit et ils ont mon-
tré que le délai de feedbak peut avoir un impat sérieux sur les performanes
du système. Dans [82℄ les auteurs ont présenté une étude sur les problèmes de
planiation dans LTE et ont mis en évidene le fait que les régimes proposé
de planiation et d'adaptation de lien très sophistiqués sont en fait soit trop
ompliqué à mettre en oeuvre ou prennent beauoup de temps pour pouvoir
optimiser les paramètres de planiation. Par onséquent, dans e hapitre,
nous allons fournir une approhe robuste et pratique pour l'adaptation de
lien qui est non seulement faile à mettre en oeuvre, mais aussi fournit un
gain dans les performanes du système.
Dans LTE, les CRS utilisées pour l'estimation de anal sont les symboles
de anal où auun des symboles de données n'est transmis. Ces estimations
de anal sont utilisés pour le alul de CQI à l'équipement UE. Le alul
CQI est basé sur le SINR moyen reçu et le type de réepteur utilisé. Cette
SINR reçu moyenné peut être alulée soit ave une simple moyenne arith-
métique ou en utilisant l'approhe ESM d'abstration PHY. Cette dernière
approhe donne un CQI plus préis ar il est apable de apter la séletivité
en fréquene du anal. Cependant, omme il a été montré au hapitre 3,
dans ESM les fateurs d'ajustement sont néessaires pour une artographie
préise et eux i dépondent des MCS. Pour les estimations de anal de CRS,
il n'y a pas de MCS utilisés don nous ne pouvons pas utiliser les fateurs
d'ajustement. Dans e as, nous pouvons toujours utiliser le MIESM pour
la transmission SISO (mode de transmission 1), mais pour d'autres ong-
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urations d'antenne MIESM doit être alibré. Cependant le alibrage peut
être évité ave MIESM en utilisant les ourbes AWGN qui ont été alulées
en partiulier pour les ongurations d'antennes spéiques qui sont sous
onsidération. Cei est due au fait que les ourbes de AWGN ont déjà ap-
turé les eets de multiples ombinaisons des LLR reçues. Pour ette raison,
nous proposons d'utiliser des ourbes de référene AWGN orrespondantes
à haque onguration d'antenne pour le alul de l'CQI à l'UE .
Du té de l'ordonnaneur, le mapping de CQI à MCS est aussi générale-
ment basée sur la onguration SISO et dans e hapitre, nous proposons de
l'adapter à des ongurations d'antennes diérentes, se qui permet au MCS
optimal peut être séletionné pour les onditions ourantes du anal.
Ce hapitre présente le problème de l'adaptation rapide de liaison (FLA)
en LTE et montre que l'utilisation de la onnaissane de la onguration
des antennes donnée par les informations de ontrle de anal, une version
améliorée de CQI peut être alulé à l'aide de d'une abstration PHY basé
sur l'information mutuelle. Ensuite, en utilisant ette amélioration de CQI
le planiateur de l'eNodeB peut séletionner un MCS plus approprié e qui
peut augmenter le débit global du système. Nous montrons que, quand un
équipement utilisateur est programmé en mode d'émission 6, ette adap-
tation de lien améliorée peut fournir un gain dans le débit du système en
séletionnant un MCS plus fesable sur la liaison desendante.
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Figure 10.5: Proling for System Simulation with 1 eNodeB and 1 UE in
the ontext of LTE, SISO hannel, frequeny seletive Rayleigh hannel
and onstant bit rate tra.
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